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I shall tell you this with a sigh
Somewhere ages and ages hence;
Two roads diverged in a wood, and I–
I took the one less traveled by,
And that has made all the difference.
–Robert L Frost, 1874-1963
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Summary
It is currently believed that the splicing of most pre-mRNAs occurs, at least in part,
co-transcriptionally. In order to validate this principle in yeast and establish an experimental
system for monitoring spliceosome assembly in vivo, I have employed the chromatin
immunoprecipitation (ChIP) assay to study co-transcriptional splicing events. Here, I use
ChIP to examine key questions with respect to the recent proposal that RNA polymerase II
(Pol II) recruits pre-mRNA splicing factors to active genes. In my thesis, I address: 1)
whether the U1 snRNP, which binds to the 5’ splice site of each intron, is recruited co-
transcriptionally in vivo and 2) if so, where along the length of active genes the U1 snRNP is
concentrated. The U1 snRNP components Prp42p and Nam8p were analyzed with respect to
recruitment along the length of endogenous active transcription units (TUs), monitoring
simultaneously the distribution of RNA polymerase II (Pol II). U1 snRNP accumulates on
downstream positions of genes containing introns but not within promoter regions or along
intronless genes. More specifically, accumulation correlated with the presence and position
of the intron, indicating that the intron is necessary for co-transcriptional U1 snRNP
recruitment and/or retention (Kotovic et al., 2003). In contrast to capping enzymes, which
bind directly to Pol II (Komarnitsky et al., 2000; Schroeder et al., 2000), the U1 snRNP is
poorly detected in promoter regions, except in genes harboring promoter-proximal introns.
Detection of the U1 snRNP is dependent on RNA synthesis and is abolished by intron
removal. Microarray data reveals that intron-containing genes are preferentially selected by
ChIP with the U1 snRNP furthermore indicating recruitment specificity to introns. Because
U1 snRNP levels decrease on downstream regions of intron-containing genes with long
second exons, our lab is expanding the study to 3’ splice site factors in hopes to address co-
transcriptional splicing.
In my thesis, I also focus on questions pertaining to the requirements for recruitment
of the U1 snRNP to sites of transcription. To test the proposal that the cap-binding complex
(CBC) promotes U1 snRNP recognition of the 5’ splice site (Colot et al., 1996), I use a
ΔCBC mutant strain and determine U1 snRNP accumulation by ChIP. Surprisingly, lack of
the CBC has no effect on U1 snRNP recruitment. The U1 snRNP component Prp40p has
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been identified as playing a pivotal role in not only cross-intron bridging (Abovich and
Rosbash, 1997), but also as a link between Pol II transcription and splicing factor
recruitment (Morris and Greenleaf, 2000). My data shows that Prp40p recruitment mirrors
that of other U1 snRNP proteins, in that it is not detected on promoter regions, suggesting
that Prp40p does not constitutively bind the phosphorylated C-terminal domain (CTD) of Pol
II as previously proposed. This physical link between Pol II transcription and splicing factor
recruitment is further tested in Prp40p mutant strains, in which U1 snRNP is detected at
normal levels. Therefore, U1 snRNP recruitment to transcription units is not dependent on
Prp40p activity. My data indicates that co-transcriptional U1 snRNP recruitment is not
dependent on the CBC or Prp40p and that any effects of these players on spliceosome
assembly must be reflected in later spliceosome events.
My data contrasts the proposed transcription factory model in which Pol II plays a
central role in the recruitment of mRNA processing factors to TUs. According to my data,
splicing factor recruitment acts differently than capping enzyme and 3’ end processing factor
recruitment; U1 snRNP does not accumulate at promoter regions of intron-containing genes
or on intronless genes rather, accumulation is based on the synthesis of the intron. These
experiments have lead me to propose a kinetic model with respect to the recruitment of
splicing factors to active genes.  In this model, U1 snRNP accumulation at the 5’ splice site
requires a highly dynamic web of protein-protein and protein-RNA interactions to occur,
ultimately leading to the recruitment and/or stabilization of the U1 snRNP.
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1. Introduction
The discovery that non-coding sequences were removed from pre-messenger RNA in
a process termed splicing brought a new level of complexity to the RNA field (Berget and
Sharp, 1977; Chow et al., 1977). Non-coding regions, introns, must be removed from the
messenger RNA in order to produce a functional protein. It has been estimated that in each
yeast cell, at least 10,000 introns need to be removed each hour from the existing pre-mRNA
in order to maintain viability (Ares et al., 1999). These intronic sequences can be found in
various sizes and at all locations within genes, and their removal must be precise, as to not
disrupt a single base pair resulting in malfunctioning proteins and detrimental consequences
to the organism. One can emphasize the importance of splicing in the example of the two
non-allelic copies of the survival of motor neuron gene (SMN1 and SMN2). There is a single
nucleotide difference between the two genes, resulting in the production of either a full
length, functional protein, SMN1, or an aberrantly spliced message, SMN2, the latter
resulting in a protein which leads to the development of spinal muscular atrophy (Lou
Gehrig’s disease) when functional SMN1 is lost (Lorson and Androphy, 2000).
Splicing has also been emphasized as a means by which higher organisms have
gained complexity. In a process termed alternative splicing, one gene is used as the blueprint
to produce several differing protein products. The importance of alternative splicing is
reflected in the recent sequencing of the human genome which resulted in the surprise
finding that the human genome consisted of a mere 32,000 protein encoding genes, as
compared to ~6,000 in yeast, ~18,000 in worm and ~26,000 in mustard weed (Lander et al.,
2001). In that study, it was estimated that 40 to 60% of human genes use alternative splicing
in order to produce an average of 3.2 distinct transcripts from a single gene, as compared to
an average of 1.34 transcripts per gene in worm, increasing the pool by which humans have
gained undoubted complexity over lower eukaryotes.
Throughout the last 25 years, the process of pre-mRNA splicing, by which introns
are removed and exonic flanking sequences are ligated together, has been well studied and
today, the steps of splicing are known to almost atomic precision (Beyer and Osheim, 1988;
Black et al., 1985; Seraphin et al., 1988; Staley and Guthrie, 1998). Yet there are many basic
questions, which have remained unanswered: how are the exon-intron boundaries
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recognized, what is the order of spliceosome assembly in vivo, and when does splicing
occur, to name a few. In my thesis work, I have focused on the yeast Saccharomyces
cerevisiae as a model organism in which to investigate pre-mRNA splicing mechanisms in
vivo.
1a. Splicing and Spliceosome Assembly
Splicing of pre-mRNA is carried out in a distinct two-step phosphodiester transfer
(transesterification) reaction. In the first step, a nucleophilic attack occurs on the 5’ splice
junction by the 2’-hydroxyl of the branchpoint adenosine resulting in a 2’-5’ phosphodiester
branch in the intron and a free 3’ hydroxyl group on the 5’ exon. Attack of the 3’ hydroxyl
group on the phosphodiester bond at the 3’ splice site by the 3’ OH nucleophile of the 5’
exon during the second transesterification reaction results in the joining of the two exons via
a 3’-5’ phosphodiester bond and the displacement of the intron lariat (see Figure 1a) (Moore
and Sharp, 1993). The stepwise nature of the splicing reaction and the formation of an
intermediate during that process indicates that splicing must occur within a stable body,
which was later termed the spliceosome. The spliceosome, a large and dynamic multi-
component RNA-protein complex that is required for the splicing of introns, must recognize
and assemble on the 5’ and 3’ splice junctions of the pre-mRNA (Brody and Abelson, 1985).
This gigantic splicing apparatus, comparable in size to the ribosome, contains five uridine-
rich small nuclear ribonuclear proteins (snRNPs) and numerous non-snRNP splicing factors
(Will and Luhrmann, 2001). The major spliceosomal snRNPs, U1, U2, U4, U5 and U6, each
consist of an snRNA, several particle-specific proteins and an extremely stable core of seven
proteins, either Sm or, in the case of U6, Sm-like (Lsm). SnRNPs are responsible for the
recognition of the exon/intron boundary and their subsequent assembly forms the active
spliceosome.
The prevailing model of spliceosome assembly is derived from in vitro splicing
experiments, which indicate a stepwise addition of individual snRNAs to the pre-mRNA and
a significance of particular snRNP and non-snRNP proteins in mediating the sequential
rearrangement of the assembling spliceosome (see Figure 1b). The initial step in the
assembly of the spliceosome is the recognition of the 5’ and 3’ ends (5’ and 3’ splice sites)
of the intron. First, the U1 snRNP associates with the 5’ splice site through a base-pairing
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interaction in an ATP-independent manner. The U1 snRNP recognizes a highly conserved
GU dinucleotide at the 5’ splice site of the intron, which is used in the base pairing of the U1
snRNA 5’ arm and the 5’ exon-intron junction (see Figure 2a). This basal complex, which is
only dependent on the binding of the U1 snRNP to the 5’ splice site, is the first defining step
in the yeast splicing pathway and is termed commitment complex 1 (CC1) (Seraphin and
Rosbash, 1989). A second complex (CC2) forms after U1 snRNP recognition and involves
the binding of Mud2p (hU2AF65) to the 3’ end of the intron at the polypyrimidine tract
(Abovich et al., 1994). Work in the Reed lab reinforced the findings from the yeast system in
mammals. They show that the early complex (E complex) in mammals also contains the U1
snRNP at the 5’splice site and U2AF65 at the polypyrimidine tract, indicating that similar
players associate with the two ends of the intron in mammals (Bennett et al., 1992; Michaud
and Reed, 1991; Michaud and Reed, 1993). The formation of the commitment complex also
includes the binding of the branchpoint binding protein (Msl5p or BBP) at the branchpoint,
and the two cap binding complex proteins Cbp20p and Cbp80p (Colot et al., 1996; Zhang
and Rosbash, 1999). Once the commitment complex has formed on the intron, the transcript
is committed to the splicing pathway. In the formation of the ATP-dependent pre-
spliceosome, the 3’ splice site is recognized by the U2 snRNP in an ATP-dependent step and
BBP is displaced from the branchpoint. This step also requires the activity of two RNA
helicases, Prp5p and Sub2p (hUAP56), which are believed to mediate U2 snRNP-
branchpoint interactions (Zhang and Green, 2001). The intron has now been “flagged” at its
5’ and 3’ ends and the generation of the active spliceosome can proceed.
 Active spliceosome assembly requires that the base-pairing interaction between the
5’ splice site and the U1 snRNA be switched to a mutually exclusive interaction between the
5’ splice site and the U6 snRNA. U1 snRNP destabilization from the 5’ splice site is an
ATP-dependent step and requires the presence of the yeast DExD/H box protein Prp28p
(Staley and Guthrie, 1999). Once U1 snRNP is displaced, the U4/U6·U5 tri-snRNP joins the
spliceosome. In order for U6 to replace the U1 snRNP at the 5’ splice site, the DExD/H box
protein Brr2p must unwind U4/U6 producing a free U6 and a displaced U4 (Raghunathan
and Guthrie, 1998a; Raghunathan and Guthrie, 1998b). Once the catalytically active
spliceosome forms on the intron, the two-step transesterification reaction of splicing can
occur (refer to Figure 1) (Staley and Guthrie, 1998). Because only three snRNAs remain
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associated with the spliceosome at the moment of catalysis (U2, U5 and U6), and U5 base
pairing is not essential, either U2 snRNA, U6 snRNA (or both) and/or associated proteins
create the catalytic site of the spliceosome. The U5 snRNP-specific protein Prp8p, which is
closely associated with the sequences at the 5’ splice site, branchpoint and the 3’ splice site,
has attracted recent attention in playing a role in catalysis (Umen and Guthrie, 1995).
Although Prp8p is highly conserved and required for spliceosome assembly, the precise
function it could play in catalysis remains unknown (Lucke et al., 1997).
While the ordered assembly model of the spliceosome is conserved from yeast to
humans, other models have been proposed, suggesting that the association of the
spliceosome can occur in a larger complex. One such study suggests the presence of a
pseudospliceosome (U 2/4/5/6) (Konarska and Sharp, 1988). This set of snRNPs was
isolated bound to the precursor RNA during splicing in vitro and also as a complex which
efficiently associated without the addition of precursor RNA under high salt and high
temperature conditions. They therefore conclude that the structure of the spliceosome could
be specified by snRNP-snRNP interactions rather than through the binding of snRNPs with
RNA. What is unclear is whether the high temperature and ionic strength used in this assay
simply changes the confirmation of the snRNPs in an equivalent way to the conformational
changes that take place during spliceosome assembly on precursor RNA. Other such studies
analyze the presence of a preassembled penta-snRNP complex (Malca et al., 2003; Stevens
et al., 2002). The penta-snRNP, which contains the U1, U2, U4/U6•U5 snRNPs, was isolated
from yeast extracts in 50mM salt concentration. This penta-snRNP contains 85% of all
known yeast splicing factors and is active in pre-mRNA splicing when supplied with soluble
factors present in a micrococcal nuclease treated extract (Stevens et al., 2002). Furthermore,
studies indicate the binding of a penta-snRNP complex with the 5’ splice site through base
pairing of the 5’ end of U1 snRNA (Malca et al., 2003). These results are based on an in
vitro system in which a short RNA containing the 5’ splice site sequence served as a
substrate in a binding reaction. Questions still remain addressing the actual sequence of
spliceosome assembly taking place in vivo.
b.  Spliceosome assembly
Figure 1     Pre-mRNA splicing and spliceosomal assembly
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Figure 1   Pre-mRNA splicing and spliceosomal assembly. 
a. Two-step transesterification reaction for pre-mRNA splicing. An intron containing pre-mRNA is shown at left, with 
exons (E1 and E2) shown as blue and green boxes respectively, and the intron drawn as a line. Phosphodiester linkages 
that are broken or formed are shown as the letter p, branch adenosine (A) and 2’ and 3’ hydroxyl groups (OH) are also 
indicated. The one (1) and two (2) steps of the transesterification reaction proceed from left to right showing the 
released product (lariat intron and mRNA) on the far right. Figure modified from (Staley and Guthrie, 1998).
b. Assembly of the spliceosome on pre-mRNA. An intron-containing gene is depicted with exons drawn as black 
rectangles and intron sequence as a line. Colored balls indicate the specified snRNP, the DExD/H box proteins (Prp28p 
and Brr2p) and ATP are designated where appropriate. The assembly of the spliceosome is diagrammed with respect to 
the initial selection of slice sites (at top), the formation of the active spliceosome (middle) and the spliced mRNA 
product and removed intron lariat (bottom). Figure modified from (Staley and Guthrie, 1998).
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1b. U1 snRNP
As mentioned above, spliceosome assembly requires the recognition of the 5’ splice
site consensus sequence, the branchpoint sequence and the 3’ splice site (see Figure 1a). The
recognition of these sequences is important in determining where the protein coding exons
lie. In yeast, the consensus 5’ splice site is a highly conserved sequence, G/GTATGT, which
spans the exon-intron junction at the 5’ end of the intron and is important for the interaction
with three out of the five snRNPs of the spliceosome. Complementarity between the 5’ end
of the U1 snRNA and the 5’ splice site of the pre-mRNA is required for pre-mRNA splicing
in both yeast and human cells (Siliciano and Guthrie, 1988; Zhuang and Weiner, 1986). The
splicing commitment complex (CC), the initial complex that forms on the intron and leads to
the subsequent assembly of the spliceosome, consists of the U1 snRNP at the 5’ splice site,
Mud2p bound to the polypyrimidine tract and BBP (Msl5p) at the branchpoint sequence.
The spanning region of U1 snRNP binding during CC formation dependents on base pairing
between the 5’ end of the U1 snRNA and its complimentary sequence at the 5’ splice site
(Seraphin and Rosbash, 1989). This U1 snRNP-5’SS interaction spans from positions –3 to
+12 relative to the 5’ splice site of the pre-mRNA as demonstrated by RNase digestion
(Mount et al., 1983). Recent work involving the truncation of the U1 snRNA 5’ arm, which
in turn eliminates the RNA-RNA interactions, found that the U1 snRNP can still associate
with the 5’ splice site, presumably through an RNA-protein complex (refer to Figure 2a) (Du
and Rosbash, 2001). In that study, they propose that at least five sets of interactions are
occurring in the proximity of the 5’ SS in order to stabilize the U1 snRNP, only one being
base pairing between U1 snRNA and the consensus G/GTATGT. Furthermore, they
conclude that while the 5’ arm is not necessary for the recruitment, U1 snRNP-protein
complexes formed in the absence of base pairing are far less stable and have an altered
formation (Du and Rosbash, 2001).
The U1 snRNP consists of the U1 snRNA bound by 15 U1 specific proteins in yeast
and 11 in humans (see Table 1) (Fabrizio et al., 1994). Protein components of the yeast U1
snRNP, characterized by mass spectrometry (Neubauer et al., 1997), include: Snp1p
(homolog of the human U1-70K protein) (Kao and Siliciano, 1992), Mud1p (homolog of the
human U1-A) (Liao et al., 1993), Prp39p (Lockhart and Rymond, 1994), Prp40p (Neubauer
et al., 1997) (neither of which has a human counterpart), U1-C (homolog to human U1-C)
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and seven Sm proteins (Neubauer et al., 1997). In fact, work in the Rosbash lab has recently
suggested that the U1-C protein of the U1 snRNP contributes to the initial selection of the 5’
SS by the U1 snRNP (Du and Rosbash, 2002). Canonical U1 snRNA-GTATGT base pairing
then follows this protein-RNA interaction. This data could account for the formation of the
U1 snRNP on the 5’SS in the absence of base pairing. A further study of the U1 snRNP
using a combination of biochemical, mass spectrometric and genetic methods revealed the
association of four other proteins: Nam8p (human homolog TIA1), Snu71p, Snu65p and
Snu56p (Del Gatto-Konczak et al., 2000; Gottschalk et al., 1998) (see Table 1). Nam8p plays
an important role in the recognition of non-canonical 5’ splice sites in yeast by binding to a
U-rich sequence downstream of the 5’ splice site (Puig et al., 1999) and is required for the
meiosis-specific splicing of MER2 pre-mRNA (Spingola and Ares, 2000). Snu65p had been
previously isolated and described as Prp42p (McLean and Rymond, 1998), a novel U1
snRNP protein, which is required to form stable U1 snRNP complexes on pre-mRNA in
vitro. Whereas, it is known that the U1 snRNP associates with pre-mRNA in order to
nucleate the formation of the spliceosome and is therefore thought to be the first step in
intron recognition, the mechanistic details of how the U1sn RNP determines the location of
an intron remains unclear.
1c. The role of the 5’ cap in splicing
In eukaryotes, all mRNAs receive a 7-methyl-guanosine cap at their 5’ ends. This cap
contributes to mRNA stability, by protecting the 5’ end from 5’ -> 3’ exonucleases, and is an
essential determinant for mRNA translation in the cytoplasm where it is bound by eIF4A
(reviewed in (Gingras et al., 1999). In yeast, the cap is added by three sequentially acting
enzymes, the RNA triphosphatase (Cet1p), the guanylyl-transferase (Ceg1p) and the 7-
methyltransferase (Abd1p), once the transcript is 25 nucleotides in length (reviewed in
(Bentley, 2002). These enzymes are recruited to the site of transcription by binding the C-
terminal domain (CTD) of the large subunit of RNA polymerase II. In vivo assays have
shown that this recruitment is dependent on the phosphorylation of serine 5 on the CTD by
the kinase Kin28 and occurs in promoter-proximal regions of genes (Komarnitsky et al.,
2000; Schroeder et al., 2000). Recruitment of capping enzymes to the CTD is thought to
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Figure 2     Secondary structure of the U1 snRNA
Table 1     Protein components of the U1 snRNP
Yeast factor Human homolog Comments References
Snp1p U1-70K binds stem loop I, 
interacts with Brr2
Kao and Siliciano, 1992
Mud1p U1-A binds stem loop II,
interacts with Mud2p
Liao et al. 1993
Yhc1p U1-C 5'SS recognition and
CC formation
Neubauer et al. 1997
Du et al. 2002
Prp39p
Prp40p
Nam8p
Snu71p
Snu56p
Prp42p
unknown required for CC 
formation
Lockhart et al. 1994
unknown binds near the 5'SS
interacts with Prp8p 
and BBP
Neubauer et al. 1997
Abovich et al. 1997
TIA-1 required for meiosis-specific 
splicing of MER2 at the non-
canonical 5'SS
Gottschalk et al. 1998
Spingola and Ares, 2000
unknown Gottschalk et al. 1998
unknown Gottschalk et al. 1998required for CC formation
and splicing efficiency of 
certain genes
unknown shares 50% sequence 
similarity with Prp39p
Gottschalk et al. 1998
McLean and Rymond, 1998
Figure 2  Secondary structure of 
the U1 snRNA.
Conserved secondary structure of the 
U1 small nuclear RNA (snRNA). 
Black lines indicate the secondary 
structure while areas of importance 
are color coded as follows: the 5’ SS 
binding site is colored green, stem 
loop I is shaded blue and is bound by 
yeast Snp1p, stem loop II is shaded 
purple and is bound by Mud1p and 
the Sm binding site is colored orange.  
Table 1 lists all known components 
of the U1 snRNP. The precise 
positions of stem-loops I and II are 
not known. Figure modified from 
(Will and Luhrmann, 2001).
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occur independently of one another, Ceg1p and Abd1p are recruited to the CTD based on its
length, phosphorylation state and primary structure, Cet1p recruitment is based on binding to
Ceg1p (Cho et al., 1998; Cho et al., 1997; Pei et al., 2001). Furthermore, Komarnitsky et al.
showed that while Abd1p remained associated with the transcript at downstream regions
tested, both Cet1p and Ceg1p disassociated early on in transcription (Komarnitsky et al.,
2000).
The nuclear cap-binding complex (CBC), which recognizes and binds the 5’ cap
structure, consists of two subunits, cap-binding proteins 80 and 20 (CBP80 and CBP20),
both of which are required for the binding to capped RNAs (Izaurralde et al., 1994). CBC
depletion in yeast and HeLa cell nuclear extracts results in defects in splicing and splicing
complex formation (Colot et al., 1996; Lewis et al., 1996a; Lewis et al., 1996b). These data
indicate a role for the CBC in splicing; in particular, efficient recognition of the cap-
proximal 5’SS by the U1 snRNP is facilitated by the CBC in both mammals (Lewis et al.,
1996b) and yeast (Colot et al., 1996). Furthermore, the CBC is a component of the
commitment complex (CC) which is defined by the presence of pre-mRNA, the U1 snRNP
and Mud2p, which binds the 3’SS (Colot et al., 1996).
Further studies of the yeast CC have defined a cross-intron bridging interaction
between the U1 snRNP protein, Prp40p, at the 5’SS and the 3’SS binding protein, Mud2p,
via a physical interaction between both proteins and the branchpoint binding protein (BBP)
Msl5p (Abovich and Rosbash, 1997) (see Figure 3). Although depletion of BBP has no
effect on spliceosome formation and splicing in vitro, mutants temperature-sensitive for
Msl5p function exhibit pre-mRNA leakage to the cytoplasm (Rutz and Seraphin, 1999; Rutz
and Seraphin, 2000). This indicates a link between splicing and pre-mRNA retention in the
nucleus. Indeed, mis-spliced pre-mRNAs are retained at or near their sites of transcription in
human cell nuclei (Custodio et al., 1999). One could imagine, that if splicing occurs soon
after the transcription of the pre-mRNA in yeast, and the presence of the splicing apparatus
acts as a retention signal for un-spliced transcripts to remain in the nucleus, then the cell uses
the kinetics of splicing as a surveillance step in the production of mRNA. How can one
determine the kinetics of splicing? How soon, after transcription, does splicing occur?
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Figure 3     Bridging interactions in spliceosome assembly
Figure 3  Bridging interactions in spliceosome assembly.
Protein-protein interactions thought to be involved in the assembly of the yeast spliceosome. The pre-
mRNA substrate is indicated by a black line and the 5’ and 3’ exons by black rectangles. The 5’ SS 
(GUAUGU) is labeled and shown with vertical lines indicating base-pairing with the U1 snRNA (as 
shown). The U-rich region, branchpoint (bp) and 3’ SS (YAG) is also labeled and further discussed in the 
text. The 5’ cap is black and the two cap binding proteins (CBP 20 and CBP 80) are brown. U1 snRNA and 
components of the U1 snRNP are diagrammed as green ovals and other proteins thought to be involved in 
bridging interactions are blue ovals. Direct protein-protein interactions and exact regions of binding are 
speculative (Abovich and Rosbash, 1997; Colot et al., 1996).
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1d. The co-transcriptional question
Visualization of the shortening of nascent mRNA while the transcript is still tethered
to the DNA axis by RNA polymerase II was the first indication that splicing could occur co-
transcriptionally (Osheim et al., 1985). Since then evidence for co-transcriptional splicing is
present in Drosophila (Beyer and Osheim, 1988; Osheim et al., 1985) the balbiani rings of
C. tentans (Bauren and Wieslander, 1994; Wetterberg et al., 1996) and humans (Tennyson et
al., 1995) while data for co-transcriptional splicing in yeast is missing. It has been difficult to
generalize these findings to a range of genes and introns as well as among species, due to a
lack of specific assays applicable to the questions at hand. While nascent RNA is difficult in
itself to study due to its low abundance in the cell as compared to the overwhelming level
mRNA, any development of an in vivo assay regarding the question of splicing occurring co-
transcriptionally has yet to be realized. Indeed, thus far no splicing step has been shown to
occur co-transcriptionally. The ongoing question remains, to what degree does splicing occur
co-transcriptionally? If so, is co-transcriptional splicing mechanistically coupled to
transcription or simply a kinetic accident? How important is it to be co-transcriptional
(Neugebauer, 2002)?
In order to determine whether a process can be termed “co-transcriptional”, one must
establish how the process is related to transcription. While Ceg1p, Cet1p and Abd1p have all
been shown to directly bind the CTD of Pol II (Shuman, 2001), are concentrated at the
promoter of genes and are destabilized during the transcription of the gene (Komarnitsky et
al., 2000; Schroeder et al., 2000), there is no evidence for CTD requirement in the
recruitment of the CBC, even though both processes have been shown to occur co-
transcriptionally (Visa et al., 1996). The CTD of RNA Pol II contributes to the efficiency of
polyadenylation in humans and yeast (Fong and Bentley, 2001; Licatosi, 2002), although
there are a several Pol II transcripts, such as snoRNAs and snRNAs, which do not receive a
polyA tail (reviewed in Proudfoot et al., 2002). In fact, transcripts driven by polymerases
lacking a CTD are partially polyadenylated (Licatosi, 2002), demonstrating that a coupling
between Pol II transcription and polyadenylation is not strictly required. According to the
above data, many processing events seem likely to occur co-transcriptionally. Can one then
conclude the presence of a physical link between transcription and processing?
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1e. RNA Pol II….a factory for transcription and RNA processing?
The large subunit of RNA polymerase II contains a highly conserved C-terminal
domain (CTD), which consists of the repeated heptapeptide sequence YSPTSPS (Corden et
al., 1985). While mammalian CTDs consist of 52 repeats and yeast CTDs consist of 26
repeats, they both contain divergent sequences within their ‘last’ CTD repeat and deletion
experiments have demonstrated that the CTD is essential in both species (Bartolomei et al.,
1988; West and Corden, 1995). Dynamic phosphorylation and dephosphorylation of the
CTD on serines 2 and 5 by several kinases and at least on phosphatase (Cho et al., 1997;
Rodriguez et al., 2000) is required for transcription initiation and elongation (Dvir et al.,
2001; Shilatifard, 1998) and for the recruitment of various RNA processing factors to the
site of transcription (Barilla et al., 2001; Calvo and Manley, 2001; Cho et al., 1997;
Goldstrohm et al., 2001; McCracken et al., 1997a; McCracken et al., 1997b). Whereas
extensive studies have shown that two of the three capping enzymes and several components
of the polyadenylation machinery directly bind to the CTD at specific phosphorylation states
during transcription, the only bona fide splicing factor shown to bind the CTD is the U1
snRNP specific protein Prp40p, which has no metazoan homolog (Morris and Greenleaf,
2000; Neugebauer, 2002). In fact, in vitro binding assay data showing an association
between the U1 snRNP protein Prp40p and Pol II CTD lends to recent models in which
splicing factors are shown directly bound to the CTD of Pol II (reviewed in Bentley, 2002;
Cook, 1999; Maniatis and Reed, 2002; Proudfoot et al., 2002; Zorio and Bentley, 2004).
While in vitro studies demonstrate that the simple addition of either Pol II or the
CTD alone can stimulate splicing (Hirose et al., 1999; Zeng and Berget, 2000), others
indicate that the effects of the CTD on splicing efficiency are indirect and rely rather on
interactions occurring between splicing factors and Pol II elongation factors (Fong and Zhou,
2001). Although many questions remain, experiments thus far indicate the importance of
coupling transcription with pre-mRNA processing. In fact, this has lead to the development
of a “gene expression factory” model in which the CTD plays the essential role of
orchestrating the assembly and coordination between all of the machines (see Figure 4; and
reviewed in Bentley, 2002; Maniatis and Reed, 2002; Proudfoot et al., 2002).
Figure 4     Transcription factory model
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Figure 4  Transcription factory model.
Schematic representation of the proposed transcription factory model. DNA and RNA are represented by black 
lines, and labeled appropriately. RNA Pol II (Pol II), drawn as a red oval, acts as a landing pad in the recruitment of 
the following RNA processing factors: capping enzymes (shown as a green oval), 3’ end processing factors (shown 
as a blue rectangle) and splicing factors (shown as a purple rectangle). According to this model, RNA processing 
factors directly bind the phosphorylated (indicated by a P) C-terminal domain (CTD) of the large subunit of Pol II.
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1f. In vivo Assay
In order to further address the orchestration behind transcription and RNA
processing, experiments must be able to tackle the question in vivo. Thus far, in vitro
splicing assays have been used to determine the binding order and location of splicing
factors on pre-mRNA.  In these assays, pre-mRNAs are in vitro transcribed by bacteriophage
polymerases, purified by PAGE and added to nuclear extracts where splicing complexes
form without transcription by Pol II. The role of Pol II in splicing factor recruitment to the
transcription unit has also been studied using in vitro systems. In particular, various splicing
factors have been shown to co-purify with Pol II from mammalian cells (Carty and
Greenleaf, 2002; Emili et al., 2002; Mortillaro et al., 1996; Robert et al., 2002) but whether
the binding is direct is not clear.
The requirements necessary for the targeting of splicing factors to Pol II transcripts in
vivo remain elusive. In fact, experimental approaches which could be used to address this
and related questions in vivo have only recently been developed. In my thesis work, I
endeavored to use one such assay, chromatin immunoprecipitation (ChIP), to examine the
recruitment of pre-mRNA splicing factors to transcription units. Previously, this technique
had only been applied to proteins either in contact with DNA or proteins known to directly
bind to DNA binding proteins (eg. capping enzymes bound to Pol II) (Komarnitsky et al.,
2000; Schroeder et al., 2000). Using formaldehyde crosslinking followed by ChIP, one can
directly determine the in vivo binding site of a particular protein within the time and space of
the transcription unit (Hecht and Grunstein, 1999; Orlando, 2000). I reasoned that such an
experiment could provide me with in vivo monitoring of transcribing Pol II along the length
of endogenous genes while at the same time determine at what point along the transcript
specific factors associate. While this assay has been used extensively for the identification of
DNA binding proteins on their target sequences and chromatin modifications to specific
genomic regions, one may also consider looking at RNA binding proteins in the context of
transcription. Formaldehyde acts within minutes and forms protein-protein, protein-DNA
and presumably protein-RNA complexes providing a snapshot of the transcription unit while
it is still attached to the DNA axis via Pol II, or co-transcriptionally. If RNA is intact and
still bound to the DNA via Pol II, proteins bound to the RNA can be immunoprecipitated
and analyzed with respect to the position of Pol II on the DNA (Figure 5).
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Figure 5     Chromatin immunoprecipitation
Figure 5  Chromatin immunoprecipitation.
The idea benind the ChIP assay used in this study to determine where along a transcription unit splicing factors bind. A 
drawing of an electron micrograph with the DNA axis as a horizontal dashed line with tree-like pre-mRNA branches 
(vertical black lines) extending from the axis (as depicted by Osheim, Y.N. et al. 1985 . The balls forming on the pre-
mRNA branches coincide with splice junctions and were determined to be splicing factors. Magnification of the DNA 
axis is further diagrammed as a solid black line in which RNA Pol II (depicted by a car) is traveling from the 5’ end (stop 
light) to the 3’ end (stop sign). As Pol II travels along the length of the gene, the pre-mRNA (curved line) emerges and is 
bound by splicing factors (cluster of grey balls). In the chromatin immunoprecipitation (ChIP) assay, formaldehyde is 
used to crosslink protein-protein and protein-DNA interactions, sonication breaks the DNA (lightening arrows) and 
regions of the gene are immunoprecipitated with antibodies to specific proteins (either anti-car or anti-ball cluster). PCR 
is then used to amplify gene regions and results are analyzed by gel electrophoresis.
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2. Goals of my PhD thesis
A simple version of the life of a pre-mRNA would read something like: transcribed,
capped, spliced, polyadenylated and exported. While transcription and processing of pre-
mRNA is well understood with respect to the overall outcome of a mature and translatable
RNA, many detailed questions remain before translation can take place. Even aside from the
complex situation occurring between promoters and RNA Pol II transcription, one can ask
whether transcription and mRNA processing take place simultaneously and/or are
mechanistically coupled, where within the cell nucleus these processes occur, how are
processing factor target sequences found, what is required for splicing to occur, and many
more.
The specific question I aim to understand in my PhD thesis is whether splicing factor
recruitment is co-transcriptional in yeast. By using ChIP, I can take an in vivo snapshot of
splicing factor accumulation at sites of transcription. Furthermore, I can begin to explore the
possibility of co-transcriptional splicing in yeast using the above parameters. My assay also
allows me to directly test the transcription factory model which predicts: 1) that splicing
factor recruitment is predicated by Pol II, either at promoters or someplace else along genes;
and 2) that splicing factors will be recruited to every gene whether it has introns or not.
Since the U1 snRNP is the first known splicing factor to bind the intron and the
sequence it recognizes has been well studied, I chose to examine U1 snRNP recruitment to
the 5’SS.  My goals included:
1. Establish an in vivo system, which would allow for the analysis of U1 snRNP
recruitment to its nascent binding site. Using chromatin immunoprecipitation in the
budding yeast S. cerevisiae, I planned to determine whether the U1 snRNP is
recruited to nascent transcripts co-transcriptionally.
2. Determine whether intron-containing versus intronless genes accumulate U1 snRNP
to the same degree by analyzing endogenous genes in yeast. A genome wide analysis
could then be performed in order to better understand the entirety of the
transcriptome.
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3. Perturbation of the system and determine the requirements for U1 snRNP
recruitment. Using yeast as a model organism allows one to determine the
consequences of mutations and/or deletions of specific genes known to be related to
U1 snRNP recruitment. Of particular interest to my experiments are the proposed
roles of the polymerase, Prp40p and the cap-binding complex (CBC).
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3. Results
3a. Splicing factors are detectable by ChIP
To determine whether I can detect the U1 snRNP on genes in S. cerevisiae using
ChIP, I obtained protein A-tagged components of the U1 snRNP, namely PA-Prp42p (BSY
646), PA-Nam8p (BSY 593) and PA-Snp1p (BSY307), a kind gift from B. Seraphin. All
yeast strains used in this study are listed and described in Table 2 in the appendix. These
strains were previously used to show that PA-Prp42p, PA-Nam8p and PA-Snp1p specifically
associate with the U1 snRNA by immunoprecipitation (Gottschalk et al., 1998) and to study
the interaction of PA-Nam8p with pre-mRNA in commitment complex formation (Puig et
al., 1999). In this study, I perform ChIP (see Figure 5 and Materials and Methods) using
rabbit IgG coated beads to pull down gene regions associated with PA-tagged proteins. Two
endogenous, intron-containing genes, ASC1 and DBP2 (Figure 6b and 6c), were initially
selected for analysis because they are both highly transcribed (>60mRNA/hr) (Holstege et
al., 1998) and have relatively long first exons (>500bp) (Spingola et al., 1999). Refer to
Table 3 in the appendix for a complete list of genes used in this study along with the location
of primer sets and rate of transcription. During the sonication step of the ChIP, the shearing
abolishes detection of PCR products ≥1kb while preserving pieces ≤400bp (Figure 6a).
Therefore, when primers are designed to amplify specific sequences along the length of the
gene, this system can resolve signals in the upstream and the downstream region of the gene
of interest.
In order to test this hypothesis and to determine whether the U1 snRNP is detectable
by ChIP, two gene regions were tested in ASC1 (Figure 6b) and three in DBP2 (Figure 6c)
with ChIPs of PA-Prp42p, PA-Nam8p and PA-Snp1p. Protein A-tagged proteins were
immunoprecipitated with rabbit IgG coated beads while Sepharose Cl-4b beads were used as
a “no antibody” control. Both Prp42p and Nam8p ChIPs selected for intron regions of ASC1
(Figure 6b lanes 3 & 6) and both intron and exon 2 regions of DBP2 (Figure 6c lanes 2, 4, 6
& 8) as compared to the no antibody control (Figure 6b lanes 2 & 5). This indicates that
ChIP could not only be used to detect the U1 snRNP specific proteins Prp42p and Nam8p,
but that there is sufficient resolution to distinguish between upstream and downstream
regions of the intron-containing genes tested. The ChIPs of the U1 snRNP protein Snp1p
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were less successful (Figure 6b lanes 7, 8 & 9 and 6c lanes 15, 16, 17 & 18). On both ASC1
and DBP2 genes, the level of Snp1p was only slightly above background in both intronic and
exonic regions tested (Figure 6b compare lanes 8 & 9 and Figure 6c lanes 10 & 12). This
inability to detect Snp1p on ASC1 and DBP2 could be due to a lack of accessibility to its
protein-A tag; I therefore decided to perform further experiments using Prp42p.
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Figure 6  Protein-A tagged U1 snRNP proteins.
a. Sonication abolishes DNA fragments ≥1kb while preserving pieces ≤400bp as shown by gel electrophoresis. The 
øX174 DNA-Hae III ladder is shown in lane 1; bands are indicated with hash marks and band sizes labeled to the left. 
Sonicated DNA is shown in lane 2; the smear runs up to ~800bp as indicated on the right.
b. PCR detection of specific regions within the ASC1 gene of strains harboring a protein-A tagged (PA) U1 snRNP 
protein (Prp42p, Nam8p or Snp1p). Starting extract (input, lanes 1, 4 & 7), no antibody control (Cl-4b, lanes 2, 5 & 8) 
and ChIPs carried out with antibodies to the protein-A tagged proteins Prp42p, Nam8p and Snp1p (IgG, lanes 3, 6 & 9, 
respectively). A schematic diagram of ASC1 shows the layout of the gene with respect to exons (shown as red rectangles 
1 and 2), the intervening intron region, as well as the predicted PCR products representing the promoter (pro) and intron 
(in) regions.
c. PCR detection of promoter (pro), intron (in) and exon 2 (ex2) regions of the DBP2 gene in strains harboring a protein-
A tagged protein. The starting extract (input, lanes 1, 3, 5, 7, 9 & 11) and ChIPs performed with antibodies to protein-A 
tagged proteins (IgG, lanes 2, 4, 6, 8, 10 & 12) are presented. The data shown in a. and b. represent three independent 
ChIP experiments.
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3b. Splicing factors and capping enzymes have differential distribution along genes
The initial results show an unequal distribution of both Prp42p and Nam8p along the
length of both ASC1 and DBP2 genes when compared to the input PCR control. When
comparing the ratios of input and IgG PCR products of ASC1 promoter to intron (Figure 6b)
and DBP2 promoter to intron and exon 2 (Figure 6c), the data indicates that the U1 snRNP is
not only detected at different levels along the length of genes, but that there is an increase in
detection of U1 snRNP in downstream regions of the gene. This observation contrasts
strongly with previous studies of the capping enzymes Ceg1p, Cet1p and Abd1p, which have
been detected at promoter regions of transcriptionally active genes (Komarnitsky et al.,
2000; Schroeder et al., 2000). Note that unlike Abd1p, which remains associated with
downstream regions, Ceg1p and Cet1p are preferentially concentrated in promoter regions
(Komarnitsky et al., 2000; Schroeder et al., 2000). To facilitate a comparison between U1
snRNP and capping enzyme dynamics on ASC1 and DBP2, I performed ChIP using a strain
containing TAP-tagged Ceg1p, the mRNA guanylyltransferase (Figure 7). As expected,
TAP-Ceg1p was highly concentrated at the promoter regions of the intronless gene PDR5
assayed in a previous study (Komarnitsky et al., 2000). Similarly, TAP-Ceg1p is
concentrated on both DBP2 (Figure 7b) and ASC1 (Figure 7c) promoter regions verifying the
differential distribution of capping and splicing factors on two intron-containing genes. This
observation demonstrates a differential distribution of capping enzymes and splicing factors
and indicates that not all factors for mRNA processing are recruited to the promoters of
genes.
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Figure 7  Ceg1p is concentrated at the promoters of PDR5, DBP2 andASC1.
The distribution of the TAP-tagged mRNA guanylytransferase, Ceg1p, was compared in promoter and 
downstream regions of three genes (see gene diagrams). Input (lanes 1, 4 & 7) show the starting extract from the 
TAP-tagged Ceg1p yeast strain and Cl-4b lanes (2, 5 & 8) show no antibody control. High levels of Ceg1p were 
detected on promoter (pro) regions when immunoprecipitation was performed with rabbit-IgG coated beads (lanes 
3, 6 & 9). Downstream regions of all three genes (+1.2kb and +4.2kb for PDR5, in and ex2 for DBP2 and ex2 for 
ASC1) showed a decrease in Ceg1p. The data shown here represents two (PDR5 and ASC1) and three (DBP2) 
independent ChIP experiments.
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3c. Pol II is distributed evenly along genes
Capping enzyme recruitment has been shown to occur when the transcript is ~20
nucleotides in length (reviewed in Bentley, 2002). Therefore, the signals in the promoter
regions detected by ChIP are consistent with the co-transcriptional nature of capping.  Since
it is unknown when splicing factors are recruited to transcription units in vivo and my assay
thus far indicated I can detect splicing factors on two of the genes tested, I set about
determining whether one could use ChIP to address the question of whether splicing factors
could also be co-transcriptionally recruited to their cognate binding sites. Splicing factors are
known to bind a RNA sequence within the intron, namely the 5’ splice site and the 3’ splice
site therefore, one must determine whether RNA is being synthesized in order to make an
argument regarding co-transcriptional recruitment (Black et al., 1985; Michaud and Reed,
1991; Seraphin et al., 1988; Seraphin and Rosbash, 1989; Siliciano and Guthrie, 1988). In
order to establish the presence of RNA at the genes I was interested in, and at the same time
monitor the level of U1 snRNP recruitment to these genes, I needed to simultaneously
analyze both Prp42p and RNA Pol II. I, therefore, decided to construct strain YKK19
(Figure 8 and Table 2) using a PCR based strategy for tagging endogenous proteins (Knop et
al., 1999). Figure 8 schematically shows the general strategy behind the C-terminal tagging
of your favorite gene (YFG). In this study, I choose to tag Prp42p and Rpo21p (the RNA
polymerase II large subunit) in the LG1 strain (see Table 2 in the appendix). Using the
pYM1 plasmid (see Table 4), I added 3 HA tags to the C-terminus of Prp42 along with the
HIS3 marker for selection following the tagged protein and using the pYM4 plasmid I added
3 Myc tags to the C-terminus of Rpo21 along with the KanMX6 marker for selection.
Western analysis was used to positively identify the double-tagged strain (Figure 8b lane 1
& 4). Tagging of both proteins had no effect on the growth rate of the strain (data not
shown), indicating that the normal functions of Prp42p and Pol II were not disrupted. I then
used this strain in my ChIP assay. Western gels of all tagged strains made in this study are
diagrammed in Figure 21 in the appendix.
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Figure 8     C-terminal tagging schematic and YKK19 tagged strain
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Figure 8  C-termianl tagging schematic and YKK19 double tagged strain.
a. The PCR based strategy used to tag endogenous proteins in this study. The general strategy behind the C-terminal 
tagging of your favorite gene (YFG) is illustrated. The modules used for the PCR reaction are listed in Table 4 and 
tagging primers (indicated as S3/F2-YFG and S2/R1-YFG) are listed in Table 5. Chromosomally tagged genes were 
tested by western analysis using an antibody against the added tag (either HA or Myc).
b. Western analysis of the double-tagged strain YKK19 in which endogenous Prp42p harbors an HA tag and 
endogenous Rpo21p harbors a Myc tag (shown in lanes 1 & 4, respectively). 12CA5 antibody to the HA tag and 9E10 
antibody to the Myc tag were used to positively identify tagged strains and are indicated under the gels. Positive and 
negative antibody controls are also shown (lanes 2 & 5 and 3 & 6, respectively) as well as protein markers (right of 
the gel).
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The proposed binding of the tagged U1 snRNP protein, Prp42p, to nascent RNA,
which is in turn tethered to the DNA axis by RNA Pol II, is diagramed in Figure 9a and is
the basic idea behind looking at splicing factor recruitment with ChIP. Again, two
endogenous genes were chosen for analysis, ASC1 and DBP2. Three gene regions from both
genes were well represented in the ChIPs of Pol II, whether the anti-Myc tag antibody (Fig
9b lanes 10-12 and 9c lanes 4 & 9) or the antibody 8WG16, an antibody against Pol II itself
(Figure 9b lanes 7-9 and 9c lanes 5 & 10) was used. In agreement with previous results using
either tagged versions of various subunits of Pol II or with antibodies used against Pol II
itself (Komarnitsky et al., 2000; Schroeder et al., 2000), the distribution of Pol II along both
genes is found to be fairly uniform, usually slightly decreasing downstream from the
promoter. PCR products specifically resulted from ChIP of Pol II, since the same products
are detected only very weakly in the non-immune control ChIP (Figure 9b lanes 2 & 3 and
9c lanes 2 & 7) in which mIgG is used. In contrast, HA-Prp42p ChIP templates yield only
very low levels of PCR product corresponding to either of the promoter regions, while intron
and exon 2 regions of both genes are well detected (Figure 9b lanes 4-6 and 9c lanes 3, 7 &
8). Figure 9b shows the linear range used for all PCR reactions performed with ChIP (see
Materials and Methods) and quanitation of the PCR products revealed that Prp42p ChIPs
contained 6.4 +/- 1.1 (mean +/- SEM, n= 4 independent experiments) fold higher levels of
DBP2 intron DNA than promoter-proximal DNA compared to Pol II ChIP templates
prepared in parallel. Similarly, the DBP2 second exon is detected at 6.3 +/- 2.4 (n=4) times
higher levels than the promoter region. The quanitations take into account the background
levels (mIgG) with respect to the signals produced in the experimental lanes. These
experiments conclude that the results seen with PA-tagged components of the U1 snRNP
were reproducible with the HA-tagged Prp42p component and that antibodies to RNA Pol II
itself can be used in place of Myc-tagged Pol II IPs since the results were the same.
Moreover, I can conclude that several protein components of the U1 snRNP concentrate in
downstream regions of both DBP2 and ASC1 genes (Figures 6 and 9) and this concentration
is not reflected with ChIPs of RNA Pol II.
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Figure 9  Pol II distribution along genes differs from the U1 snRNP.
a. Experimental design. In an endogenous transcription unit, tagged U1 snRNP (Prp42p, red triangle) is tethered to the 
chromatin by nascent RNA (green line) via Myc-tagged RNA Pol II (Rpo21p, blue circle). Immunoprecipitated DNA 
will be detected by PCR and differences between U1 snRNP and Pol II can be quantitated.
b. PCR detection of specific regions within the DBP2 gene in the starting YKK19 extract (lane 1, input), control beads 
(no Ab, lanes 2 & 3), and ChIPs carried out with antibodies specific for the HA-tagged Prp42p (lanes 4-6), Pol II itself 
(8WG16, lanes 7-9) and Myc-tagged Pol II (lanes 10-12). A titration of ChIP templates used for PCR is shown, in which 
0.3µL (lanes 4, 7 & 10), 1.0µL (lanes 2, 5, 8 & 11) and 3.0µL (lanes 3, 6, 9 & 12) were added. A schematic diagram of 
DBP2 shows the layout of the ORF with respect to exons and introns, as well as the location of the predicted PCR 
products representing the promoter (pro), intron (in) and exon 2 (ex2) regions. Data shown here represents four 
independent ChIP experiments. Prp42p ChIP templates yielded intron DNA levels 6.4-fold higher and exon 2 DNA 
levels 6.3-fold above promoter levels, relative to Pol II.
c. PCR detection of promoter (pro), intron (in) and exon 2 (ex2) regions within the ASC1 gene. Starting extract (input, 
lanes 1 & 6), no AB control (mIgG, lanes 2 & 7), ChIPs carried out with antibodies specific for the HA-tagged Prp42p 
(lanes 3 & 8), Myc-tagged Pol II (lanes 4 & 9) and Pol II itself (8WG16, lanes 5 & 10) were analyzed in the YKK19 
strain. A schematic diagram of the ASC1 ORF shows introns and exons along with predicted PCR products along the 
gene. In this experiment, Prp42p ChIP templates yielded intron DNA levels 4.6-fold higher and exon 2 DNA levels 7.4-
fold above promoter levels, relative to Pol II.
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3d. Gal induction is not sufficient for U1 snRNP accumulation
Because a low level of U1 snRNP association is detected on promoter regions of both
ASC1 and DBP2 genes relative to the non-immune controls (Figure 9b compare lanes 3 & 6
and 9c compare lanes 2 & 3 and lanes 7 & 8), I asked whether gene induction is sufficient
for U1 snRNP accumulation. GAL1 gene transcription was induced by growth in galactose
and changes in Prp42p association with the GAL1 promoter were determined. When YKK19
is grown in glucose, Pol II is detected at the promoter of the actively transcribed intronless
gene ADH1 , but not on G A L 1 or a transcriptionally inactive telomeric region on
chromosome VI-R (Figure 10 lanes 4). Low levels of HA-Prp42p are detected at ADH1 only
(Figure 10 lane 3). After 5 hours of growth in galactose, Pol II is present on both ADH1 and
GAL1, but Prp42p is not detected on the GAL1 promoter (Figure 10 lanes 7 & 8) or
downstream region (data not shown) relative to the non-immune control. This suggests that
U1 snRNP detection on chromatin is not due to transcriptional activity per se. While the U1
snRNP was detected on the promoter of the intronless gene ADH1, albeit at low levels, it
seemed important to determine whether accumulation in the promoter region is specific to
only ADH1 or on other intronless genes as well.
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Figure 10  Galactose induction is not sufficient for U1 snRNP accumulation.
Activation of GAL1 by growth in galactose (lanes 5-8) causes the accumulation of Pol II but not Prp42p 
at the promoter. When grown in glucose (lanes 1-4), Pol II was strongly and Prp42p weakly detected 
only on ADH1. Neither protein was detected at the telomere VI-R. The data above is representative of 
four independent ChIP experiments.
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3e. U1 snRNP does not accumulate on intronless genes
According to the transcription factory model, mRNA processing factors are recruited
to the CTD of Pol II. In Figure 7, I have shown a differential distribution of capping
enzymes and U1 snRNP proteins. While capping enzymes accumulate on the promoter
regions of all genes tested and have been previously shown to bind directly to the
phosphorylated-CTD, U1 snRNP proteins accumulate in downstream gene regions and only
the U1 snRNP protein Prp40p has been shown to have any interaction with the CTD. If the
transcription factory model is correct and splicing factors are recruited via the CTD of Pol II
then this recruitment may be seen in downstream regions of all genes. As discussed in the
introduction, the CTD is changing in its phosphorylation state along the length of the
transcription unit and along with changes in phosphorylation comes a smattering of new
binding partners, polyadenylation and elongation factors for example. Accumulation of the
U1 snRNP could be due rather to interactions with other factors bound to the CTD. Then one
could imagine detecting splicing factors on all genes. In order to test whether changes in the
elongating Pol II CTD plays a role in the general recruitment of splicing factors to all
transcription units, I looked at several intronless genes.
Downstream regions of genes tested thus far have all contained introns and therefore,
to address the possibility that U1 snRNP may accumulate on the downstream regions of all
genes, I assayed Prp42p and Pol II distributions along three intronless genes. RPS3, ADH1
and PDR5 were chosen as representative intronless genes based on their variations in length,
RPS3 is rather short at 721bp while PDR5 has one of the longest yeast ORFs at 4539bp, and
the fact that in the previous experiment, where ADH1 is tested with GAL1 induction, low
levels of Prp42p are seen on its promoter region (see Figure 10). Primer sets were designed
in promoter and downstream regions (promoter, +1.2kb, and +4.2kb regions for PDR5) to
use in multiplex PCR reactions. ChIP with anti-Myc Pol II or anti-Pol II show robust signals
for promoter and downstream regions in RPS3, ADH1 and PDR5 genes (see lanes 4 & 5 in
Figure 11 a, b and c). In contrast, HA-Prp42p is only detected at very low levels relative to
the mIgG control at every position along RPS3 and PDR5 (Figure 11a compare lanes 2 & 3
and Figure 11c compare lanes 2 & 3), while somewhat higher levels of HA-Prp-42p are
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observed on ADH1 (Figure 11b compare lanes 2 & 3; see also Figure 10). Relative to levels
obtained with Pol II ChIP templates, signals from HA-Prp42p ChIP either decrease or
remain the same along the length of each gene, more importantly, there is no robust increase
in signal of Prp42p in downstream regions as previously seen with intron containing genes.
Therefore, U1 snRNP accumulation on DBP2 or ASC1 downstream regions cannot be
attributed to generic changes in affinity for elongating Pol II, non-specific binding to nascent
RNA or recruitment by either the 5′ methylguanosine cap or the cap binding complex.
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Figure 11  U1 snRNP levels remain constant along intronless genes.
ChIP analysis of three representative intronless genes, RPS3, ADH1 and PDR5, comparing promoter (pro) 
to downstream (down) regions in the YKK19 strain. The data shown here is representative of two (RPS3 
and PDR5) and three (ADH1) independent ChIP experiments. In these experiments, the ratio of Prp42p to 
Pol II signals at the downstream position relative to the promoter were 1.09 for RPS3, 0.88 for ADH1 and 
0.93 and 0.62 for the two downstream positions in PDR5 (+1.2kb and +4.2kb away from the promoter, 
respectively).
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3f. Prp40p accumulation mirrors other U1 snRNP distribution on intron-containing
genes
RNA polymerase II has been shown to play an important role in the recruitment of
RNA processing factors to sites of transcription; the phosphorylated CTD of Pol II being the
central player for recruitment of both capping enzymes (Cho et al., 1997; McCracken et al.,
1997a; Shuman, 2001) and polyadenylation factors (Proudfoot et al., 2002). Moreover, data
by Morris and Greenleaf have shown that the CTD directly binds the U1 snRNP protein
Prp40p via its WW domain and therefore, they suggest that the U1 snRNP associates with
the transcribing Pol II through this interaction (Morris and Greenleaf, 2000). However,
recent chemical shift mapping experiments have indicated that no interaction occurs between
the phospho-CTD and the WW domain of Prp40p (Wiesner et al., 2002). To directly test
this, I examine the distribution of the U1 snRNP protein Prp40p using ChIP (Figure 12). In
accordance with other U1 snRNP proteins studied thus far, my data shows Prp40p
accumulation on the intron-containing gene DBP2 occurring after the synthesis of the intron
(Figure 12 lane 4) while Pol II is evenly distributed along the genes length (Figure 12 lane
3). The intronless gene PDR5 is also assayed for accumulation of prp40p (Figure 12 lanes 5-
8), and as with previous U1 snRNP results (Figure 11), no accumulation is detected on either
+1.2kb or +4.2kb regions of the gene. This data again demonstrates that 1) there is no
detectable accumulation of U1 snRNP components on intronless genes, 2) accumulation of
the U1 snRNP occurs on downstream regions of genes only when they contain an intron, and
more specifically, 3) this accumulation does not coincide with the distribution of
transcribing Pol II.
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Figure 12  The U1 snRNP component Prp40p reflects Prp42p accumulation.
Detection of the U1 snRNP component Prp40p at intronic and downstream segments of DBP2 and promoter 
and downstream regions of the PDR5 gene. PCR detection of specific regions within the intron-containing 
DBP2 gene in the starting YKK33 extract (input, lanes 1 & 5), control beads (mIgG, lanes 2 & 6), and ChIPs 
carried out with antibodies specific to pol II itself (8WG16, lanes 3 & 7) and HA-tagged Prp40p (lanes 4 & 8). 
Promoter (pro) regions are compared to intron (in) and exon 2 (ex2) regions of the intron-containing gene 
DBP2 and promoter (pro) regions compared to downstream regions (+1.2kb and +4.2kb downstream of the 
promoter) in the intronless PDR5 gene.
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3g. The WW domain of Prp40p is not required for U1 snRNP accumulation
As previously described, evidence for the interaction between splicing factors and the
CTD of Pol II is based on in vitro data in which Prp40p binds the phosphorylated version of
the CTD (Morris and Greenleaf, 2000). More recently, this data was disputed with chemical
shift mapping experiments which indicate that while interactions could occur between the
WW domains of Prp40p and both BBP and Prp8p, a U5 specific protein, no such
interactions were detected between the Prp40p WW domain and the CTD repeats of Pol II
(Wiesner et al., 2002). I decided to further study the association of Prp40p with the phospho-
CTD of Pol II, and constructed strain YKK29 (Table 2 and Figure 13). The parent strain
BSY909, a kind gift from B. Seraphin, contains a mutant allele of Prp40p in which the WW
domain has been deleted (ΔWW). In the newly constructed YKK29 strain, I tagged the
Prp40pΔWW with an HA tag. If the association between the U1 snRNP and Pol II is
dependent on the presence of the Prp40p WW domain, and if this interaction is required for
the recruitment of the U1 snRNP to sites of transcription, then one would expect to see a
decrease in U1 snRNP recruitment in the ΔWW strain while Pol II levels remain constant.
As shown in Figure 13, accumulation of Prp40p in both the parent and the ΔWW mutant
strain is detected in intronic and exon 2 regions of DBP2 and little to no accumulation occurs
in promoter regions (Figure 13 compare lanes 4 & 7). ChIPs with Pol II show robust signal
in all three regions of the gene tested (Figure 13 lanes 3 & 8). Prp40p recruitment to
transcription units is not dependent on its WW domain interacting with the CTD of RNA Pol
II. Therefore, if splicing factors are stabilized at transcription units via the CTD, this
recruitment is based on some other mechanism than the WW domain of Prp40p.
ex2
pro
intron
ex2
pro
inp
ut
m
Ig
G
α-
Po
l II
YKK33: wt Prp40-Prp40HA
α-
HA
-P
rp
40
p
inp
ut
m
Ig
G
α-
HA
-P
rp
40
p
α-
Po
l II
YKK29: Prp40∆WW-Prp40HA
intron
x
r
DBP2
1-1273 2275-2643
 2
pro in ex2
1
primer products
Figure 13     Mutation of the WW-domain in Prp40p has no effect 
on U1 snRNP accumulation
1 2 3 4 5 6 7 8
Figure 13  Mutation of the WW-domain in Prp40p has no affect on U1 snRNP accumulation.
PCR detection of specific regions within the DBP2 promoter (pro), intron (in) and exon 2 (ex2) comparing 
the HA-tagged Prp40p strain and a mutant HA-tagged Prp40p∆WW strain. Starting extract (input, lanes 1 
& 5), control beads (mIgG, lanes 2 & 6), and ChIPs specific to Pol II itself (8WG16, lanes 3 & 8) and 
either HA-tagged Prp40p (lane 4) or HA-tagged Prp40p∆WW (lane 7) are shown. The data shown here 
represents two independent ChIP experiments.
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3h. The yeast CBC is not necessary for U1 snRNP recruitment
Much data has been generated concerning the role of the yeast nuclear cap binding
complex (CBC) in pre-mRNA splicing. In particular, in the presence of the CBC, the
efficiency with which the U1 snRNP binds to the cap-proximal 5’ splice site is increased
(Colot et al., 1996; Lewis et al., 1996a; Lewis and Izaurralde, 1997), leading to an overall
increase in commitment complex formation (Seraphin and Rosbash, 1989). Furthermore,
genetic and physical interactions were shown to occur between CBC and both Mud2 and
Mud10, two of the commitment complex components (Fortes et al., 1999). The yeast CBC
consists of two proteins, CBP20, encoded by MUD13, and CBP80, encoded by GCR3. Yeast
strains lacking the CBC are viable (Fortes et al., 1999), however, mud13 and gcr3 strains
exhibit reduced splicing in a reporter gene carrying a nonconsensus 5’ splice site (Colot et
al., 1996). In order to test the in vivo requirement of the yCBC in co-transcriptional
recruitment of the U1 snRNP, I made use of a yCBC double deletion strain. Strain YKK23
was constructed from strain CBCΔ20/Δ80, which has been previously described (Fortes et
al., 1999), by adding a C-terminal HA-tag to the endogenous Prp42p (Table 2 and Figure
14). When comparing ChIP results from the wild-type CBC strain and the CBCΔ20/Δ80
strain, I detect an increase in Prp42p signal in DBP2 intronic regions with both wt and
mutant CBC (Fig 14a, compare lanes 3 & 7). Similar results are also seen with the ASC1
gene (Fig 14b) as well as with the intron-containing gene ECM33 (Figure19c). ChIPs of
Prp42p in the CBCΔ20/Δ80 strain on the intronless PDR5 gene are also consistent with
results seen in wt yCBC strains (Fig 14c). Furthermore, Pol II levels remain stable along the
length of the gene, decreasing as previously shown, in the downstream regions tested (Figure
14). Here, show that U1 snRNP recruitment is unaffected by the CBCΔ20/Δ80 mutation, and
can therefore exclude that U1 snRNP recruitment is dependent on the presence of the CBC.
Rather, recruitment seems to depend on the synthesis of the U1 snRNP cognate binding
sequence.
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Figure 14  U1 snRNP is recruited in the absence of the CBC.
a. U1 snRNP accumulates on the intron-containing DBP2 gene. ChIP analysis comparing promoter (pro), 
intron (in) and exon 2 (ex2) of the DBP2 gene in wild-type CBC strain and the ∆20/∆80 CBC strain. 
Starting extracts (input, lanes 1 & 5), control beads (mIgG, lanes 2 & 6), ChIPs specific for HA-tagged 
Prp42p (lanes 3 & 7) and Pol II itself (8WG16, lanes 4 & 8) are shown.
b. ChIP results for the intron-containing ASC1 gene comparing promoter (pro) to downstream regions 
(ex2). Starting extracts from the ∆20/∆80 CBC strain (input, lane 1), control beads (mIgG, lane 2), ChIPs 
specific for Pol II itself (N20, lane 3) and HA-tagged Prp42p (lane 4) are shown.
c. The intronless gene PDR5 is analyzed in the ∆20/∆80 CBC strain. Starting extract (input, lane 1), control 
beads (mIgG, lane 2), and ChIPs specific for Pol II itself (N20, lane 3) and the HA-tagged Prp42p (lane 4) 
are shown.
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3i. U1 snRNP is only recruited to genes being actively transcribed
If U1 snRNP accumulation reflects specific binding to cognate sites in nascent RNA
as proposed, then it is expected to depend on the synthesis of the intronic region, particularly
the 5’ splice site. In a previous experiment, induction of the GAL1 gene was tested to
determine whether the recruitment of Pol II to a transcription unit leads to U1 snRNP
detection (Figure 10). This proved negative. In order to further determine the role, if any, of
the DNA sequence in U1 snRNP recruitment, I introduced a HA-tag into the endogenous
copy of Prp42p in strain DBY120, which harbors the temperature sensitive rpb1-1 allele of
the Pol II large subunit (McNeil et al., 1998; Nonet et al., 1987). A previous study showed
that in this strain, the Pol II holoenzyme dissociates from previously active transcription
units when the cells are shifted to the non-permissive temperature (Schroeder et al., 2000).
This loss of Pol II can be directly visualized using ChIP and, if the DNA sequence plays a
role in the recruitment of the U1 snRNP, then detection of Prp42p on the intronic regions of
the DBP2 gene would be expected. Pol II is detected at the ADH1 promoter and along DBP2
in DBY120 cells grown at the permissive temperature (24°C), but not at GAL1 or the
telomere VI-R (Figure 15, lanes 3 & 11). Following 45 minutes of growth at non-permissive
temperature (37°C), Pol II was not detectable above background at any gene region tested
(Figure 15, lanes 7 & 15). Pol II transcription no longer occurs at non-permissive
temperature and I can therefore test whether U1 snRNP is being recruited in the absence of
its RNA sequence. When the temperature-sensitive strain is grown at permissive
temperature, the U1 snRNP is detectable on the intron and exon 2 regions of DBP2 and the
promoter regions of ADH1 (Figure 15, lanes 4 & 12). When the temperature is shifted to
non-permissive and cells are allowed to grow for 45 minutes, Prp42p is undetectable on all
regions of DBP2 tested (Figure 15, lanes 8 & 16) as well as on the ASC1 gene (data not
shown). These data indicate that active transcription is required for U1 snRNP accumulation
and that the U1 snRNP is not associated with chromatin independent of transcriptional
activity.
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             depends on transcription
Figure 15  Accumulation of the U1 snRNP on DBP2 depends on active transcription.
Strain YKK20 contains a temperature-sensitive Pol II (rpb1-1) and a HA-tagged Prp42p. When ChIP was 
performed on YKK20 grown at permissive-temperature (24º), the distribution of Pol II and Prp42p was 
determined as shown on DBP2 (lanes 9-12) and on ADH1, GAL1 and the telomere VI-R (lanes 1-4). When 
the temperature was shifted to non-permissive (37º), Pol II no longer accumulated along DBP2 (lane 15) or 
ADH1 (lane 7) and Prp42p was not detected above control levels on DBP2 (lane 16) or ADH1 (lane 8). 
Neither protein was detected on GAL1 or the telomere VI-R. The data shown here represents four 
independent ChIP experiments.
48
49
3j. The intron is required for U1 snRNP recruitment
Data thus far points to the intron sequence on the RNA as being the most important
signal for the recruitment of the U1 snRNP to sites of transcription. The CBC plays no major
role in the recruitment of U1 snRNP, accumulation is lost when transcription is disrupted
and deletion of the WW domain of Prp40p, which was thought to link recruitment of
splicing factors to the CTD, has no effect on U1 snRNP levels on intron-containing genes.
To test whether association of the U1 snRNP with downstream regions solely depends on the
intron, I assayed U1 snRNP levels along the DBP2 gene in a strain lacking the DBP2 intron.
In this strain, the endogenous DBP2 ORF is replaced by the DBP2 cDNA; transcription
levels of this intronless gene were previously found to be 2-fold higher than wild-type levels
(Barta and Iggo, 1995). Since I had previously detected elevated U1 snRNP levels on both
the intron and second exon of wild-type DBP2 (see Figure 9), I postulated that if the intron
was required for accumulation of the U1 snRNP, I would no longer detect Prp42p on exon 2
of the DBP2 cDNA. The intron region has been removed, as shown by the loss of PCR
product in the input (Figure 16a compare lane 1 & 2). The recruitment of Prp42p in a
previously tested intron-containing gene in the same strain is used as a positive control. The
ASC1 gene shows a normal distribution of Pol II along its length and an accumulation of
Prp42p in the intronic region as expected (Figure 16b lanes 4 & 5). Therefore, U1 snRNP
recruitment is not affected in all intron-containing genes. Figure 16 demonstrates, that with
the removal of the intron sequence in the DBP2 cDNA, U1 snRNP recruitment is abolished
in the region corresponding to the second exon (Figure 16a lane 4). Normalizing to Pol II
ChIP signals, the ratio of Prp42p downstream to Prp42p at the promoter was only 0.68
(versus 6.3-fold in wild-type). Thus, despite Pol II-driven expression, elevated U1 snRNP
levels was not observed at the DBP2 allele lacking its intron, signifying the necessity of the
intron sequence itself in the recruitment and/or the accumulation of the U1 snRNP to sites of
transcription.
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Figure 16   Deletion of the DBP2 intron abolishes 
               U1 snRNP recruitment
Figure 16  Deletion of the DBP2 intron abolishes co-transcriptional U1 snRNP accumulation.
a. Prp42p was tagged at the C-terminus with an HA tag in strain YIB37 that contains the DBP2 cDNA in place of the 
endogenous intron-containing ORF to create strain YIB37K. A schematic shows DBP2 cDNA along with the expected 
primer products. As expected, no intron product was observed when the intron (in) primers were used in the input (lane 
2) compared to input from strain YKK19, which is wild-type for DBP2 (lane 1). Equivalent amounts for mIgG control 
beads, anti-HA or anti-Pol II were used for PCR (lanes 3-5).
b. As a positive control, ChIP analysis in the YIB37K strain of the intron-containing ASC1 gene is shown. Again, 
equivalent amounts of ChIPs for mIgG, anti-HA and anti-Pol II is shown (lanes 3-5) as well as the starting extract 
(input, lane 1).
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3k. U1 snRNP does not accumulate when only the 5’SS + U-rich sequence is present
When the intron sequence was removed from a known ORF, U1 snRNP
accumulation was no longer detectable, demonstrating that in order to see recruitment, the
U1 snRNPs cognate binding sequence is required. While the binding site of the U1 snRNP
has been well studied in vitro (Du and Rosbash, 2002; Staley and Guthrie, 1998; Zhuang and
Weiner, 1986) and is known to be the 5’ splice site sequence GTATGT, in vivo studies
determining the requirements for U1 snRNP recruitment are lacking.  Therefore, in order to
further test the in vivo role of the 5’ splice site in U1 snRNP recruitment, I constructed a
strain which incorporates a 5’ splice site, followed by a U-rich stretch of 44 nucleotides
designed from the intron sequence of DBP2, and GFP before the stop codon of the PDR5
gene (Figure 17a). U-rich sequences have been previously described to play a role in the
recruitment of the U1 snRNP to a non-canonical 5’ splice site by providing a sequence
which is recognized by the U1 snRNP component Nam8p (Puig et al., 1999; Zhang and
Rosbash, 1999; Zhu et al., 2003). While the exact sequence of the U-rich region remains
undefined but was shown to lie between positions +7 and +26 relative to the cleavage site
(Puig et al., 1999), many 5’ splice sites are followed by such stretches of nucleotides
(Holstege et al., 1998). I therefore decided to incorporate such a region behind the 5’ splice
site and insert this stretch of sequence into the previously tested, nonessential, intronless
gene PDR5. The strain constructed (Table 2) was tested by direct PCR (see Materials and
Methods) of yeast using primers spanning the inserted sequence. YKK36 also contains a
HA-tagged Prp40p. ChIPs of Pol II in this strain yield a normal distribution along the length
of the constructed PDR5+5’+U gene (Fig 17b lane 3) indicating a normal pattern of
transcriptional activity even within the added GFP sequence. The ChIPs of Prp40p produce
little to no signal over the background level in either of the PDR5 region tested (Figure 17b
lane 4), as expected (see Figure 11). Any small detection of U1 snRNP after the synthesis of
the newly added 5’ SS addresses whether accumulation is occurring. Figure 17b lane 4 does
indicate an increased albeit low level of U1 snRNP on the GFP region as compared to the no
antibody control. This may be due to an initial recruitment of U1 snRNP but insufficient
stabilization without the adjoining intron sequence. I therefore tested whether significant
increase in the level of U1 snRNP was detectable in the region containing the newly inserted
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5’ splice site. In order to better distinguish any differences between IPs with U1 snRNP and
mIgG, the background indicator, I decided to use real time PCR. Although other labs have
shown no great differences in PCR methods, real time vs. conventional, in detecting ChIP
products, real time PCR is more sensitive to slight changes in PCR templates and allows one
to be more quantitative when analyzing the results (Cheng and Sharp, 2003; Morillon et al.,
2003). When real time PCR is performed with the ChIPs of both Pol II and Prp40p, robust
signal for Pol II along the length of PDR5+5’+U is detected but no signal above background
is detected for the Prp40p ChIP (Figure 17c, compare lanes 1-3 with lanes 4-6 and 7-9).
Taken together, this data indicates that the 5’ splice site along with 44 nucleotides of U-rich
DBP2 sequence is not sufficient for U1 snRNP accumulation on actively transcribing genes.
Furthermore, similar results were produced using both conventional and real-time PCR,
demonstrating that either system can be used to obtain reliable results with ChIP.
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Figure 17  U1 snRNP does not accumulate with the addition of a 5’ splice site.
a. A schematic diagram of the PDR5 gene with the addition of a 5’ splice site and U-rich sequence followed by 
GFP. This altered PDR5 gene is in the Prp40p Myc-tagged strain YKK36. The red rectangle indicates the 
endogenous PDR5 gene, blue rectangle is the 5’ splice site and U-rich addition, and the green rectangle is GFP. 
Size of the ORF is indicated above and predicted PCR products for both conventional and real time PCR are 
drawn under the diagram.
b. Conventional PCR detection of specified region within the PDR5+5’SS+U-rich gene in the starting YKK36 
extract (input, lane 1), control beads (mIgG, lane 2), and ChIPs carried out with antibodies specific for Pol II 
itself (8WG16, lane 3), and Myc-tagged Prp40p (lane 4). While Pol II distribution was level along the length of 
the altered PDR5+5’SS+U-rich gene (lane 3), Prp40p levels were barely detectable above the mIgG control 
(compare lanes 2 & 4).
c. Real time PCR (Q-PCR) detection of the PDR5 upstream region (Pdr5 up, yellow), middle (Pdr5 mid, red) and 
the GFP region (GFP, green) in the PDR5+5’SS+U-rich gene. Q-PCR was performed using templates from the 
control beads (mIgG, lanes 7-9), and ChIPs specific to Pol II itself (anti-Pol II, lanes 1-3) and Myc-tagged Prp40p 
(lanes 4-6). Values on the y-axis are arbitrary units comparing the relative amounts of each PCR as determined by 
the Ct values and normalized to the input levels of each primer.
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3l. Intron-containing genes accumulate more U1 snRNP than intronless
Higher levels of U1 snRNP were detected on the DBP2 gene when the allele
contained an intron (Figures 6, 9, 12 and 16). Therefore, I postulated that intron-containing
genes, constituting only ~5% of yeast ORFs, might accumulate more U1 snRNP than
intronless genes overall. In order to test this directly, I performed genome localization
analysis in collaboration with Lamia Boric, a technician in the lab (Iyer et al., 2001; Ren et
al., 2000). Cy3- and Cy5-labelled probes was generated from sheared YKK19 genomic DNA
and HA-Prp42p and Myc-Pol II ChIP templates by linker-mediated PCR and hybridized
with microarrays representing 6,229 yeast ORFs (Ren et al., 2000). The ratios of Cy3 and
Cy5 median fluorescent intensities were used to analyze the data (see Materials and
Methods). Microarrays hybridized with Cy3-genomic DNA versus Cy5-genomic DNA
reveal a normal distribution of the data as expected (Figure 18, genomic vs. genomic).
Interestingly, the data obtained from microarrays probed with HA-Prp42p ChIP templates
versus genomic DNA yield a major peak and a minor second peak of several hundred ORFs
in each experiment, reflecting a relatively higher score for the labeled HA-Prp42p ChIP
template probe (Figure 18, U1sRNP vs. genomic). Similarly, a second outlying peak is
obtained from microarrays probed with Myc-Pol II ChIP templates and genomic DNA
(Figure 18, Pol II vs. genomic). The striking difference between the shapes of the curves
obtained with both ChIP templates as compared to the genomic/genomic distribution
indicates that, a specific set of ORFs are being selected by both HA-Prp42p and Myc-Pol II
ChIPs.
It is likely that the second outlying peaks obtained with HA-Prp42p and Myc-Pol II
ChIP templates represented the population of ORFs associated with relatively high
concentrations of Prp42p and Pol II. The mean and the standard deviation (sd) were
determined for each experiment, and data points >+2sd away from the mean were selected
for further analysis. Results from 5 experiments comparing HA-Prp42p/genomic DNA and 3
experiments comparing Myc-Pol II/genomic DNA show a high degree of reproducibility in
the ORFs identified, using the 2sd criterion. A list of HA-Prp42 ORF hits is provided in
Table 5 in the appendix. Of a total of 388 ORFs hit in the HA-Prp42p arrays, 77 ORFs were
hit every time (100%) and 161 ORFs were hit more than once (>40%, Table 7). Of a total of
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373 ORFs hit in the Myc-Pol II arrays, 234 occur more than once (>67%, Table 7). A
comparison of the Myc-Pol II hits with transcriptional frequency data revealed that the
outlying peak indeed contain highly transcribed ORFs (Holstege et al., 1998 and data not
shown).
To determine whether the outlying peak observed with the HA-Prp42p ChIP
templates is enriched in intron-containing ORFs, all ORFs were evaluated according to the
yeast intron database:  (http://www.cse.ucsc.edu/research/compbio/yeast_introns.html). Because
genome localization analysis has the potential to detect ORFs on either the Watson or the
Crick strand and because the resolution of the ChIP assay is approximately 400bp, each ORF
hit was also examined with respect to its position within the genome to determine whether
introns occurred <500nt away from the ORF, on either the same or opposite strand of DNA.
If an ORF hit contains an intron or was found to be proximal to an intron-containing gene by
the above criteria, the hit is scored as intron-containing. Table 6 in the appendix shows the
results obtained for all of the ORFs hit more than once in the HA-Prp42p and Myc-Pol II
microarrays. For the ORFs hit in every HA-Prp42p experiment, 92% are intron-containing
compared to 51% for Myc-Pol II. In contrast, only 4.2% of the ORFs distributed outside 2sd
for the genomic/genomic distribution were intron-containing, reflecting the fact that only 5%
of yeast ORFs contain introns. This data leads to the conclusion that the HA-Prp42p ChIP
template is highly enriched for intron-containing ORFs with respect to the genome overall.
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Figure 18     Genome localization analysis
Figure 18  Genome localization analysis of HA-Prp42p and Myc-Pol II.
Cy3- and Cy5-labeled probes were synthesized from sheared genomic DNA of ChIP templates by linker-mediated 
PCR and hybridized with microarrays representing 6,229 yeast ORFs. Frequency histograms of ChIP scores 
[log10(median intensity fluorochrome 1/median intensity fluorochrome 2)/√2] for representative experiments 
(Cy3-genomic/Cy5-genomic probes, Cy3-U1 snRNP/Cy5-genomic probes, and Cy3-Pol II/Cy5-genomic probes) 
show a normal distribution, with outlying second peaks in the U1 snRNP and Pol II experiments.
56
57
3m. U1 snRNP is no longer detected in downstream exon 2 regions
The yeast genome is predicted to contain 239-255 spliceosomal intron-containing
ORFs (http://www.cse.ucsc.edu/research/compbio/yeast_introns.html, and http://www-db.embl-
heidelberg.de/jss/servlet/de.embl.bk.wwwTools.GroupLeftEMBL/ExternalInfo/seraphin/yidb.html).
Although I detected 118 intron-containing genes by genome localization of Prp42p, I did not
detect all. Because U1 snRNP accumulation is transcription-dependent (Figure 15), some
intron-containing genes may not be expressed highly enough to be detected in the outlying
peak. However, because the array was produced using oligonucleotide pairs to amplify <1kb
of the 3' end of each ORF (see Materials and Methods), I also considered the possibility that
genes containing relatively long second exons may exhibit diminished U1 snRNP
accumulation in the 3' regions represented on the arrays, either because the U1 snRNP has
already left the nascent mRNP due to spliceosome assembly or because the tags become
inaccessible to antibodies in downstream gene regions. To address this concern, I examined
U1 snRNP accumulation on upstream and downstream regions of two such genes, ECM33
and SAC6. Both of these genes contain introns very close to their promoters (see Figure 19),
and indeed significant U1 snRNP accumulation is detected in promoter-proximal regions by
ChIP (Figure 19a, lanes 3 & 8 and Figure 19b lane 3). Interestingly, HA-Prp42p detection is
reduced by ~70% in downstream regions of both genes. Neither ORF is well represented in
the HA-Prp42p microarray results (Table 6 and 8), suggesting that other ORFs with
relatively long second exons might not be detected by the microarray analysis performed
here. Figure 19c also shows that the ECM33 gene has similar results as DBP2 in the
Δ20/Δ80 CBC strain, an antibody to Pol II, N20, shows robust signal in both 5’ and 3’ ends
of the genes while signal for HA-Prp42p signal is lower in the 3’ end of ECM33 as
compared to the 5’ end (Figure 19c compare lanes 3 & 4) even in the CBC deletion strain.
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Figure 19  Reduced levels of the U1 snRNP on downstream regions
                 of intron-containing genes with long second exons
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Figure 19  Reduced detection of the U1 snRNP on downstream regions of intron-containing genes with long 
second exons.
a. and b. PCR detection of the 5’ and 3’ ends of ECM33 and SAC6 genes in the YKK19 strain comparing levels of Pol 
II and Prp42p and/or Prp40p. A schematic diagram of each gene shows the layout of each ORF and the locations of 5’ 
and 3’ primer products. Levels of Pol II (a. lanes 4 & 8; b. lane 4) were evenly distributed along the length of both 
genes. Prp42p and/or Prp40p levels (a. lanes 3 & 7; b. lane 3) showed accumulation of the U1 snRNP on the 5’ end of 
both genes and decreasing levels in the 3’ regions.
c. PCR detection of the 5’ and 3’ ends of ECM33 gene in the ∆20/ ∆80 CBC strain comparing the levels of Pol II and 
Prp42p. Again, levels of Pol II remain evenly distributed along the length of the gene while Prp42p levels decrease in 
the 3’ end of the gene (compare lanes 3 & 4).
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4. Discussion
In vivo studies of pre-mRNA processing events have been difficult to establish given
the fleeting time in which one can detect pre-mRNA within the vast pool of mRNA,
ultimately leading to complications in establishing an order of events occurring at the
transcription unit. Recent studies have suggested that transcription and processing are
coupled events and therefore, one can imagine RNA Pol II transcription units as pre-mRNA
processing units as well. Whereas 5’-end capping and polyadenylation are mechanistically
coupled to Pol II transcription, the relationship between transcription and splicing has been
harder to address. Only a few reports of co-transcriptional splicing exist, and in those cases,
they are based on a limited number of genes, species and biochemical assays. In this study, I
established a novel application of the ChIP assay, which allows for the detection of splicing
factors bound to their nascent transcripts. Chromatin immunoprecipitation has been
previously used to study DNA binding factors; I used ChIP to localize RNA bound splicing
factors to the corresponding region on the DNA. This has allowed me to infer a timescale for
the events occurring at the transcription unit with respect to RNA processing, because I can
simultaneously follow transcription by Pol II and accumulation of U1 snRNP along the
transcription unit. Here I show that ChIP can be used to detect the U1 snRNP splicing factor
at sites of transcription. The data point to the co-transcriptional recruitment of the U1 snRNP
to intron-containing genes, concomitant with 5’ SS synthesis. U1 snRNP accumulation did
not depend on the presence of the CBC or an interaction between the CTD of Pol II and the
WW domain of Prp40p, as previously proposed.
Three endogenous, U1 snRNP proteins were analyzed with respect to the location of
their recruitment on two intron-containing genes. ASC1 and DBP2 genes were used to
pinpoint the site of accumulation of the U1 snRNP proteins. Using ChIP followed by PCR, I
could distinguish between promoter, intron and exon 2 regions within the genes chosen.
While the RNA Pol II ChIP products yielded robust signal in all three regions tested, U1
snRNP ChIPs produced little to no signal above background in promoter regions of both
DBP2 and ASC1, but a strong signal was detected in both intron and exon 2 regions. In fact,
since the resolution of the assay is specific enough for me to determine differences in the
accumulation before and after intron synthesis, I can conclude a ~6.5-fold increase of U1
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snRNP detection after 5’SS synthesis. This contrasts with previous studies on the detection
of capping enzymes using ChIP. While Abd1p was detected along the length of all genes
tested, both Ceg1p and Cet1p were concentrated only in promoter regions. In this study,
TAP-Ceg1 was tested with respect to the two intron-containing genes used to determine U1
snRNP recruitment. Once again, Ceg1p detection was abundant in promoter regions as
compared to detection of U1 snRNP in downstream regions, thus displaying differential
recruitment patterns of factors involved in two of the mRNA processing events.
U1 snRNP accumulation was dependent on active transcription as shown in a
temperature-sensitive RNA Pol II strain (rpb1-1) in which U1 snRNP recruitment was
analyzed at both permissive and non-permissive temperatures. On the intron-containing
DBP2 gene at permissive temperature, ChIP signal was detected with Pol II along the length
of the gene and with Prp42p in intron and exon 2 regions. Once the strain was shifted to non-
permissive temperature, Pol II was no longer detected, as was the case for Prp42p detection.
Moreover, no U1 snRNP was detected in the transcriptionally inactive telomeric region VI-
R. U1 snRNP recruitment is also not dependent on the simple accumulation of Pol II on a
gene, as demonstrated by a Gal induction experiment in which the U1 snRNP was not
detected on the induced GAL1 gene.
In order to determine what is responsible for the increased signal of Prp42p at
downstream regions of genes, I decided to further investigate known changes occurring at
the site of transcription. An obvious candidate is Pol II itself which undergoes changes in
phosphorylation state as transcription proceeds; as the elongating polymerase moves from
the 5’ to the 3’end of the gene, the phosphorylation state of the CTD changes from
hyperphosphorylation to hypophosphorylation and in doing so becomes associated with
elongation factors and/or polyadenylation factors. As the nascent RNA emerges from Pol II,
it is capped at its 5’-end by capping enzymes and is in turn bound by the CBC. In addition,
the nascent RNA transcript is longer at the 3’-end of the gene allowing for the increased
non-specific binding of splicing factors. To address these possibilities, ChIP was performed
on several intronless genes. As expected, RNA Pol II signal was robust with respect to the
background levels along the length of all genes. However, Prp42p levels were low as
compared to the background, with no increased signal in downstream regions, indicating that
non-specific binding of U1 snRNP was not occurring on every gene.  This was also apparent
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using genome-wide localization analysis. Out of the ORFs hit in every HA-Prp42p
experiment, 92% were intron-containing compared to 51% for Myc-Pol II and 4.2% for
genomic/genomic. These data exclude the possibility that generic changes in the polymerase
lead to U1 snRNP accumulation at every gene; rather, co-transcriptional recruitment and/or
accumulation of the U1 snRNP depends on the presence of an intronic sequence.
If U1 snRNP recruitment requires synthesis of the intron, then removal of the intron
from an otherwise “intron-containing” gene would lead to abolishment of accumulation. To
test this hypothesis, ChIP was performed in a strain in which the DBP2 allele was replaced
by DBP2 cDNA. U1 snRNP had previously been detected on both the intron and exon 2
regions of DBP2 and therefore, if recruitment was specified by the presence of the intronic
region you would expect to lose signal in exon 2 of the cDNA. Indeed, U1 snRNP
recruitment was abolished with the removal of the intron. These data indicate that the
enhanced detection of the U1 snRNP on downstream regions of intron-containing genes was
dependent on the presence of an intron in the gene rather than a common event occurring at
every Pol II transcription unit.
Genome localization was performed in order to determine if all intron-containing
genes recruited the U1 snRNP to their sites of transcription. Several hundred ORFs were
enriched with both Pol II and Prp42p ChIPs, 92% of the ORFs hit by genome localization
with Prp42p were intron-containing. Several interesting points were raised with respect to
the data obtained from the genome localization analysis. First, since U1 snRNP recruitment
depends on transcriptional activity (Figure 15) it would therefore be expected that
transcriptionally active genes would be biased in the microarray analysis. This was the case
for the ORFs identified by the HA-Prp42p ChIP (see Tables 6 & 8). Conversely,
transcriptionally inactive intron-containing genes, such as meiosis genes for example, were
not detected. Second, a number of intronless genes were also selected by both Pol II and
Prp42p, indicating that either U1 snRNP specifically associates with some intronless genes
or that U1 snRNP non-specifically accumulates at highly transcribed genes. Interestingly,
ADH1 was among the intronless ORFs identified by both Pol II and Prp42p ChIP templates
(Tables 6 & 8). This gene also accumulated Prp42p along its length as previously shown by
the ChIP assay (see Figure 11). I therefore cannot rule out the possibility that the U1 snRNP
plays some role in the expression of the ADH1 gene. Finally, several intron-containing genes
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harboring short first exons were not detected using the genome localization analysis. I
reasoned that the possible lack of detection was either due to inaccessibility to the tags
further downstream in the ORF or a loss of U1 snRNP with the association of the tri-snRNP
at the 5’SS (refer to Figure 2). Because I did not detect the U1 snRNP with genome
localization on genes containing very short first exons, I decided to further examine such
genes using the ChIP assay. ECM33 and SAC6 genes are both intron-containing genes which
have a short (<60bp) first exon. Both genes demonstrated an increased signal for Prp42p in
their 5’-ends and a decrease in signal (~70%) in their 3’-ends, indicating that 1) these intron-
containing genes do accumulate U1 snRNP at their sites of transcription and 2) genome
localization studies of RNA processing factors is feasible and informative but closer analysis
of unselected genes needs to be performed in order to rule them out as possible candidates.
Taken together, the above data indicates a direct role for the intron sequence in the
recruitment of the U1 snRNP to sites of transcription. While it was shown that intronless
genes may have a slightly increased level of U1 snRNP along its length (see Figure 11),
there are no dynamics detected in downstream regions, as is the case for intron-containing
genes (Figure 9). These dynamics were dependent on the presence of an intron as shown by
the removal of the intron sequence in an otherwise “intron-containing” transcript (Figure
16). This data also supports the conclusion that RNA Pol II is not sufficient for U1 snRNP
recruitment; Pol II is abundantly detectable along both intron-containing and intronless
genes, and yet U1 snRNP levels do not correlate with the distribution of Pol II. Indeed, U1
snRNP levels coincide with the synthesis of the U1 snRNP cognate binding site, the intronic
sequence, suggesting a dominant role for RNA splicing signals in U1 snRNP accumulation.
Because U1 snRNP was detected to a slight degree, as compared to background
levels, on intronless genes, one cannot rule out the possibility that the U1 snRNP has some
affinity for elements at the transcription unit. The evidence that levels of U1 snRNP were
found to be uniform along the length of intronless genes indicates some initial recruitment
and/or retention occurs, but due to the lack of other intron-specific proteins recruited,
stabilization is not achieved. This low level of detection could be owing to several of the
factors thought to either interact with and/or recruit the U1 snRNP to the 5’SS. The CBC,
which binds to the 5’ cap of the transcript, was considered to be partially responsible for the
recruitment of the U1 snRNP (Lewis et al., 1996b; Colot et al., 1996), but data from this
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study revealed that in a strain lacking the CBC, recruitment of the U1 snRNP was unaffected
(Figure 14). A current model in the field stresses the importance of the Pol II CTD in the
recruitment of RNA processing factors to the sites of transcription. It had been previously
shown that one of the U1 snRNP proteins, Prp40p, could bind to the phosphorylated form of
the CTD via its WW domain and in doing so recruit the U1 snRNP to the site of
transcription (Morris and Greenleaf, 2000). In a strain containing a Prp40p with a deleted
WW domain, the U1 snRNP was still detectable on downstream regions of intron-containing
genes (Figure 13) and moreover, the Myc-tagged Prp40p was not detected at promoters but
mirrored the recruitment of Prp42p on both intronless and intron-containing genes (Figure
12), suggesting that if Prp40p is binding the Pol II CTD at all, it must do so only after its
recruitment to intron-containing genes. My data suggests that the mechanisms for U1 snRNP
recruitment are not as straightforward as those regarding the recruitment of capping
enzymes, which simply bind the hyperphosphorylated CTD to ensure the capping of every
Pol II transcript. Robust detection of the U1 snRNP at the sites of transcription in yeast only
occurs when the transcript contains an intron, which arises in only 5% of genes in the yeast
genome. Therefore, it seems plausible that only those genes that require splicing recruit the
factors responsible. Still, one needs to address the question of what signals are required for
recruitment of those factors.
Because my data strongly indicated a direct role for the intronic sequence in the
recruitment, and previous data has pointed to the 5’SS as being responsible for U1 snRNP
binding, I decided to test whether the addition of a 5’SS would recruit the U1 snRNP to an
otherwise intronless gene. While Pol II levels on the constructed PDR5+5’SS+U-rich gene
were consistent with previous results on the endogenous PDR5 gene (Figure 11) and
remained high on the GFP end of the “5’SS+U-rich” constructed gene (Figure 17), Prp40p
levels were not detected over background. These results pointed to a more complicated
mechanism regarding the recruitment of the U1 snRNP to introns. This is an ongoing
question in our lab and several lines of experiments will hopefully be able to better address
the requirements for U1 snRNP recruitment. For example, since my in vivo study showed
that the simple addition of a 5’SS+U-rich sequence to an intronless gene yielded no
recruitment of Prp40p, I have decided to either mutate or delete the 5’SS sequence within the
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endogenous, nonessential, intron-containing gene ASC1 and determine the effects on U1
snRNP recruitment.
The data thus far supports the conclusion that the U1 snRNP is recruited co-
transcriptionally to intron-containing genes in yeast. My data also indicates that the U1
snRNP falls off of the extreme 3’ end of intron-containing genes. When SAC6 and ECM33
were analyzed with respect to U1 snRNP recruitment, the signal was robust in the 5’ end of
the gene, coinciding with the presence of the intron, and decreasing on the 3’ end of the
gene. These results can be due to either the simple loose of U1 snRNP signal in downstream
regions of genes or that U1 snRNP is falling off at the 3’ end of the transcript because of
continued assembly of the spliceosome. The later would indicate that not only is U1 snRNP
being co-transcriptionally recruited to sites of transcription but it is potentially being
replaced by the tri-snRNP. If this is truly the case, then factors known to be involved in the
recognition of the 3’-end of the intron, Mud2p and BBP, as well as tri-snRNP factors such as
the U5 specific protein Prp8p, should be detectable using the ChIP assay.
Our lab has begun to address the question of whether other spliceosome factors
assemble on intron-containing genes co-transcriptionally. Experiments done by Janina
Görnemann in our lab indicate that the fall off of the U1 snRNP in downstream regions of
intron-containing genes coincides with the recruitment of the U5 specific protein Prp8p. She
also detects both Mud2p and BBP on intron-containing genes once their binding sites have
been synthesized. Her data indicates that by using ChIP, one could possibly detect the
formation of the catalytic spliceosome on intron-containing genes co-transcriptionally.
Along the same lines, the in vivo requirements for CC formation as well as cross intron
bridging could be more closely analyzed using experiments with tagged U1 snRNP, Mud2p,
BBP or Prp8p in conjunction with CBC and Prp40p deletion strains. One could imagine
perturbing one facet of the system in order to determine requirements for assembly of the
spliceosome in vivo. Furthermore, deletions and/or mutations of the 5’SS, bp or 3’SS can
address the requirements of these cognate-binding sites with respect to spliceosome
recruitment. With respect to data produced in this study, as well as other studies done in our
lab, I can conclude that spliceosome assembly can occur co-transcriptionally in yeast.
While co-transcriptional splicing has been shown in Drosophila (Beyer and Osheim,
1988; Osheim et al., 1985), Chironomus tentans (Bauren and Wieslander, 1994; Wetterberg
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et al., 1996) and humans (Tennyson et al., 1995); the process has only been hinted at in yeast
(Elliott and Rosbash, 1996). In fact, the observation of recursive splicing has been used to
argue that splicing in yeast is not co-transcriptional (Lopez and Seraphin, 2000). I imagine
the assembly of the spliceosome being dependent of the speed of the polymerase; if the
transcript is long then splicing will occur before Pol II has reached the end while the
opposite applies to short transcripts. Therefore, it is the elongation rate of Pol II that defines
the minimum time and length along the gene in which splicing factors can be recruited and
assembled in order for co-transcriptional splicing to occur. Data taken from electron
micrographs of actively transcribing Drosophila embryo genes define this minimum time for
co-transcriptional intron removal to be three minutes after the synthesis of the 3’ SS (Beyer
and Osheim, 1988). Data from our lab indicates an assembled spliceosome one minute after
the synthesis of the 3’ SS as determined by the association of Prp8p with the transcript at
~1kb downstream from the 3’ SS. Moreover, questions concerning co-transcriptional
splicing can be addressed in an assay where by using crosslinked chromatin in combination
with a Pol II IP, the RNA transcript is monitored, rather than the DNA, and RT-PCR is used
to determine whether the transcript still contains the intron sequence. More specifically, one
can determine where the intron sequence is removed with respect to the location of Pol II on
the gene. In this experiment, removal of the intron coincides with the above data, in that a
shorter, spliced transcript is detected at ~1 kb after the 3’ SS synthesis (unpublished results
from J. Görnemann). There seems to be a close relation between the rate of the elongating
Pol II and the splicing of the transcript. In fact, it was recently found that by slowing the rate
of Pol II elongation in yeast, one could induce the inclusion of an otherwise skipped exon
(Howe et al., 2003); furthermore, a point mutation in mammalian Pol II, which confers a
slower elongation rate, affects alternative splicing of the fibronectin EDI exon (de la Mata et
al., 2003). More importantly, this study demonstrated that with a slower Pol II elongation
rate, resplicing is stimulated, demonstrating a role for transcriptional control of alternative
splicing (de la Mata et al., 2003). Taken together, these data support a general role for the
kinetic coordination between transcription elongation and splicing.
This kinetic synchronization between elongation and splicing has lead me to propose
a kinetic model with respect to the recruitment of splicing factors to sites of transcription
(see Figure 20). In this model, recruitment is based on the presence of the U1 snRNPs
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cognate binding sequence and further stabilized by the association of other splicing factors
acting downstream of the 5’SS. While Pol II moves along the length of the gene, the pre-
mRNA emerges, is capped on its 5’-end by capping enzymes recruited by the CTD and
subsequently bound by the CBC. Splicing factors scan the newly synthesized pre-mRNA,
awaiting the synthesis of their binding site, and upon recognition, are quickly stabilized as
more factors become bound to the transcript at their respective binding sites. Splicing factors
are stabilized through several protein-protein and protein-RNA interactions and possible
association with elongation factors bound by the CTD of Pol II.
The kinetic model sharply contrasts a recently defined “transcription factory” model,
in which a platform is needed for the initial recruitment of splicing factors. The transcription
factory is based on the findings that a number of trans-acting factors required for pre-mRNA
processing directly bind to Pol II via its CTD. As opposed to capping enzymes and
polyadenylation factors, which are required at every Pol II transcript in yeast, splicing
factors are only required when the gene contains an intron, which occur in 5% of genes in
the yeast genome. The data presented here reflects the dependency for intron-containing
genes to recruit the U1 snRNP splicing factor. Therefore, if the CTD of Pol II is actually
responsible for recruiting splicing factors to transcription units, as demonstrated in the
transcription factory model, that recruitment would coincide with the synthesis of the intron.
What would be the purpose of loading the CTD with splicing factors after the transcription
of the intronic sequence when in fact, the density of such snRNPS within the cell nucleus is
quite high (1-10µM in HeLa cell nuclei, Yu et al., 1999) and has a binding affinity of 60nM
(as shown in the case of one SR protein SRp55, (Nagel et al., 1998). Moreover, EM studies
of the BR3 gene in Chironomus tentans salivary glands show that only one spliceosome can
assemble with the polymerase at one time (Wetterberg et al., 2001) leading to a situation in
which splicing factors would have to be constantly recycled on the CTD before they are
handed off to the newly synthesized transcript. The extent to which splicing factors are
released from the transcript after splicing of the intron is also not known and in yeast, whose
transcripts predominately contain only one intron, there seems to be no need for a recycling
mechanism. What remains unclear however, is when do splicing factors recognize Pol II
transcripts containing an intron, in particular, must splicing occur co-transcriptionally.
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According the proposed kinetic model for splicing factor recruitment, introns can still
be recognized by splicing factors even after the transcript is removed from the DNA axis.
This post-transcriptional splicing seems likely to occur in alternatively spliced genes. Taking
into account the kinetics behind Pol II transcription with respect to the length of introns
(which average 3,300bp in humans) versus exons (averaging 300bp) (Lander et al., 2001)
and the formation of mRNPs in Drosophila being 48 seconds after the synthesis of the 3’SS
and intron removal occurring 3 minutes later (Beyer and Osheim, 1988), by the time it takes
splicing to occur in this situation, the next intron will have already been synthesized,
opening up the possibility for alternative splice sites to be used (reviewed in Neugebauer,
2002).
The kinetic model can also account for cases in which the splicing of some pre-
mRNAs in fission and budding yeast can occur efficiently following synthesis by RNA
polymerase III (Pol III) (Kohrer et al., 1990; Tani and Ohshima, 1991), T7 RNA polymerase
(Dower and Rosbash, 2002) or a CTD-less Pol II (Licatosi, 2002), indicating the stimulatory
effect of the CTD on splicing may not be essential. A caveat in these experiments is that
transcription by polymerases other than Pol II alters the appearance of the transcript, they are
not properly capped or polyadenylated and therefore, splicing could be in competition with
degradation. In order to address the question of the role of the CTD on U1 snRNP
recruitment in vivo, I’m designing strains which contain a nonessential, intron-containing
gene driven by either a CTD-less Pol II or a T7 RNA polymerase in the YKK20 parent
strain, the idea being to turn off transcription of wt Pol II at non-permissive temperature and
look for recruitment in the gene driven by an alternative polymerase. These experiments will
give insight into not only the role of the Pol II CTD in splicing but also the kinetics behind
elongation rates as correlated to splicing.
A kinetic model with respect to the recruitment of splicing factors to sites of
transcription allows for dynamic recruitment independent of the Pol II CTD. Splicing factors
are known to bind their cognate sequences and do so once this site is synthesized. In this
study, the U1 snRNP was robustly detected on downstream regions of intron-containing
genes while intronless genes showed little to no recruitment over background. Overall,
relatively less U1 snRNP accumulated on intronless genes in the transcriptome indicating the
importance of the intron in the recruitment of U1 snRNP to transcription units. Moreover,
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while the presence of the CBC and the WW domain of Prp40p, both previously thought to
play important roles in either the recruitment and/or stabilization of the U1 snRNP at the
5’SS, was shown to be nonessential, other factors known to be important for the binding of
the U1 snRNP, namely the 5’SS, was insufficient for recruitment. These and other data
indicate that there is a more detailed requirement for U1 snRNP recruitment that has yet to
emerge. The idea that there is interplay between several of the splicing factors at the intron
and that these are the interactions required for stabilization of the U1 snRNP at the 5’SS
purposes a highly dynamic web of communicative binding in order to successfully remove
the intron sequence from the nascent transcript.  In the kinetic model of splicing factor
recruitment, one not only allows for the stringent requirements in the recognition of the
intron but also for the flexibility required to create differing transcripts from one gene.
Splicing is an important process that is required by all eukaryotes in order to
maintain life. Although it has been extensively studies for the last 25 years, the actual events
leading up to the removal of introns continue to elude scientists.  In my thesis, I hope to have
shed light onto ongoing questions regarding recognition of splice sites and spliceosome
assembly. Using the technology currently available, I was able to better understand when
and where U1 snRNP recruitment occurred with respect to the transcription unit and the
yeast genome. Further studies will hopefully lead to a more detailed description of
spliceosome assembly and splicing. Ultimately, an understanding of differential splicing
patterns in alternatively spliced transcripts can lead to insights in gene regulation which
plays a major role in many of the splicing-related diseases.
Figure 20     Kinetic model of splicing factor recruitment
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Figure 20  Kinetic model of splicing factor recruitment.
Splicing factors are recruited to transcription units (TUs) via protein-protein and protein-RNA interactions. While 
capping enzymes (purple rectangle) and 3’ end processing factors (green rectangle) are recruited to TUs through 
interactions with the CTD of RNA Pol II (shown as a blue circle), splicing factors are recruited based on the 
synthesis of their cognate binding site, the 5’ splice site for U1 snRNP, and stabilized through protein-protein 
interactions. This model shows the dynamics of the TU with respect to spliceosome assembly and splicing.
a. Schematic for intron-containing genes with long second exons. U1 snRNP is initially recruited to the TU and 
subsequently exchanged for the tri-snRNP. This diagram suggests splicing occurs co-transcriptionally, before Pol II 
is released.
b. Schematic for intron-containing genes with short second exons. U1 snRNP is recruited to the 5’ splice site of the 
TU, as well as U2 snRNP to the 3’ splice site. U1 snRNP is not replaced by the tri-snRNP until after the transcript 
has been released and subsequently, splicing is post-transcriptional.
c. Schematic for intronless genes. When a gene without an intron is transcribed by Pol II, there is no accumulation 
of splicing factors.
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5. Materials and Methods
5a. Yeast Strains
All Yeast Strains are listed in Table 2.
Growth Conditions
Strains were grown in YP medium plus 2% glucose (YPD), YPD medium plus G418
(200mg/mL), synthetic complete medium (SC) plus 2% glucose without histidine, trytophan,
or uracil, or YP medium plus either 2% raffinose or galactose as necessary. GAL1 gene
expression was induced by growth in 2% raffinose overnight, diluted in 2% galactose and
grown for 5 hours. In temperature-shift assays, cells were grown at permissive teomperature
(24°C) until they reached an OD600~0.600, at which time half of the culture remained at
24°C and the other half was shifted to 37°C for 45 minutes to 1 hour.
5b. Tagging Strains
Strains with protein A-tagged U1 snRNP proteins Nam8p, Prp42p and Snp1p
(BSY593, BSY646 and BSY307, respectively) were previously described (Gottschalk et al.,
1998; (Puig et al., 1999) and were a gift from Bertrand Seraphin. In order to simultaneously
immunoprecipitate both RNA polymerase II and U1 snRNP proteins, I decided to use a PCR
based strategy (Knop et al., 1999; Longtine et al., 1998) and Figure 8, in which I was able to
add C-terminal tags to endogenous proteins of choice by using PCR modules containing
both tag and selection of interest (see Table 4 for a list of the plasmids and Table 5 for a list
of tagging oligos). Refer to Table 2 for a list of strains made during this study and Figure 21
for the westerns of tagged strains made. In short, PCR modules were chosen for their tag
(HA, Myc or GFP) and their selction marker (HIS, TRP or KanMX6) and PCR product
amplified using primers designed to flanking regions of the modules (S2 and S3 for HA and
Myc modules and R1 and F2 for GFP module) along with 45 base pair overhangs
homologous to the desired target chromosomal region. Tagging PCR was carried out with
Expand Long Template PCR kit (Roche) and buffer 1, primers were diluted to 30mM stocks,
and plasmid minipreps were diluted 1:10. The cycling was for 20 cycles with 1 min at 94°C,
2 min at 52°C and 2 min 30 sec at 68°C, then 10 min at 68°C. PCR products were analyzed
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by gel electrophoresis and single bands were verified by their size. Yeast strains were
transformed using PCR products and grown on selective plates according to the module
used. Colonies were tested by western analysis to verify the presence of the tagged protein of
interest. Tandem affinity purification (TAP)-tagged Ceg1 protein (Rigaut et al., 1999) in
strain YGL130w was obtained from Cellzome. The constuction of strain YKK36 used the
pFA6a-GFP(S65T)-kanMX6 plasmid and added both a consensus 5'SS (GTATGT) and a U-
rich region (TAAAATTTTCTCCATTTTTTTATTGATTTTATTTTTTTTTGTTA) to the
primer overhang (see Table 5 for primer design).
5c. Yeast Transformation
Overnight cultures of yeast strains used for transformation were diluted 1/20 in fresh
medium and grown to an OD600~0.5 to 0.7. Cultures were spun down for 5 minutes at
500xg, washed 1x (0.1 to 0.5 volumes) H2O and 1x (0.1 to 0.2 volumes) SORB (100mM
LiAc, 10mM Tris-Cl pH8.0, 1mM EDTA, 1M Sorbitol, adjusted pH with acetic acid and
filter). Pellets were resuspended in 360uL SORB/50mL culture and 40uL freshly denatured
(100°C for 5 minutes) carrier DNA (salmon sperm) was added. Aliquots were either used
immediately or stored at –80°C. Transformations were carried out with 50uL of the
aforementioned yeast cells, 3-5uL of PCR product (50uL PCR reaction precipitated in 5-
10uL H2O) and 6 volumes PEG (100mM LiAc, 10mM Tris-Cl pH8.0, 1mM EDTA, 40%
PEG3350, autoclave). Reactions were incubated at room temperature for 30 minutes, 1/9
volume DMSO was added and transformations were heat shocked at 42°C for 15 minutes.
Cells were then spun down and resuspended in either 250uL YPD (when plated on G418) or
250uL TE (10mM Tris-Cl pH8.0, 1mM EDTA pH8.0) when plated on SC –amino acid
plates and grown at their permissive temperatures. Colonies were isolated and patched onto
selection plates once more before further testing.
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5d. Western Analysis
Protein Extraction
Overnight cultures were grown in 2mL of medium and 400uL were used to dilute in
20mL YPD and grown for 3 hours. Cells were spun and resuspended in 200uL of break
buffer (50mM Tris pH8.0, 10mM EDTA, 0.1% triton, 20% glycerol, 0.1% Sarkozyl, 1mM
PMFS dissolved in EtOH) plus 300uL acid washed glass beads (Sigma). Yeast cells were
vortexed at 4°C for 12 minutes to break open the cell wall. 100uL of loading buffer (75mM
TRIS-Cl pH6.8, 3%SDS, 0.15% Bromphenol Blue, 420mM ß-mercapethanol, 15% glycerol)
was added to lysed cells and incubated at 95°C for 15 minutes, lysis was then spun for 10
minutes at 10,000 rpm and supernatant was used as protein extract for western analysis.
SDS-Polyacrylamide gel electrophoresis
BioRad gel chambers were used and 7.5% to 12% running (375mM TRIS pH6.8)
and 5% stacking (62mM TRIS pH6.8) polyacrylamide gels were made and run for ~1 hour
at 75-150V in protein running buffer (25mM TRIS, 186mM glycine, 3.5mM SDS). Proteins
were then transferred in Western transfer buffer (48mM TRIS, 38mM glycine, 1mM SDS,
20% methanol) for 2 hours at 100mAmps to nitrocellulose paper using a semi-dry blotter
(Ellard Instrumentation). Transfer of proteins was confirmed by Ponceau (2% Ponceau S,
30% TCA, 30% sulfosalicylic acid) staining for 10 minutes. Membrane was then stored in
either Western transfer buffer or in 4% NFM buffer (4% non-fat milk, PBST (14mM
Na2HPO4, 5.6mM NAH2PO4, 150mM NaCl, 0.01% tween) overnight at 4°C.
Immuno-labelling and detection
Membrane was blocked in 4% NFM/TBST for 1 hour at room temperature rocking.
All antibodies were diluted in 2% NFM/PBST and used at the concentrations indicated.
Primary antibodies were incubated at room temperature for 1-2 hours rocking and are as
follows: HA tagged proteins were detected using either 12CA5 anti-HA mouse monoclonal
(Boeringer Mannheim) at 1:5000 or Y11 anti-HA rabbit polyclonal (Santa Cruz) used at
1:400. Myc tagged proteins were detected using 9E10 anti-cmyc mouse monoclonal (Santa
Cruz) at 1:200. Membranes were washed 3x in PBST before the secondary antibodies were
incubated for 1 hour at room temperature and are as follows: HRP-anti-mouse (Amersham)
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used at 1:3000 and HRP-anti-Rabbit (Amersham) used at 1:10,000. Membranes were
washed (as before) and detection was performed with an ECL detection kit (Amersham), a
1:1 solution was made with detection agents 1+2 and added to the membrane for 1 minute.
The membrane was then wrapped in Saran wrap and exposed to Kodak BioMax MR film.
5e. Direct PCR
In order to determine whether the 5'SS+U-rich sequence was integrated into the 3'
end of PDR5 along with GFP, I had to test the KanMX6 positive colonies on G418 plates
followed by PCR with primers designed in the spanning region. First, fresh colonies were
picked with a yellow tip and added to 10uL of 20mM NaOH. Mixture was boiled for 15
minutes at 100°C, vortexing and centifugating every 5 minutes. Cells were then spun down
and 2uL were used in a 50uL PCR reaction. PCR reactions were as follows: 10x Mg-free
PCR buffer, 25mM MgCl2, BSA, 10mM dNTP, 0.1pmol primer, 2uL template and Taq
polymerase. Cycling was for 5 minutes at 95°C, followed by 32 cycles of 95°C for 1 minute,
58°C for 1 minute, 68°C for 3 minutes, then 68°C for 6 minutes. Table 8 in the appendix
lists primer sets designed to span the 5'SS addition and test for the insert using direct PCR.
Products were then tested by gel electrophoresis for the presence of an increased band size
correlating to the addition of the 5'SS+U-rich sequence.
5f. Chromatin Immunoprecipitation
Whole Cell Extracts
A 5mL overnight culture was diluted in 150mL of medium and grown to
OD600~0.5-0.7. 150mL of the culture was measured into a 250mL bottle and crosslinked
with 1% EM-grade formaldehyde for 15 minutes at RT°. The reaction was then quenched
with 125mM glycine (2.5M glycine) for at least 5 minutes at RT°. Cells were spun down at
3000rpm for 5 minutes at 4°C and washed 3x in 4°C PBS. Pellets were resuspended in
1.2mL FA-1 lysis buffer (50mM HEPES-KOH, pH7.5, 140mM NaCl, 1mM EDTA, 1%
triton-x 100,  0.1% Na-deoxycholate) + 1X fresh protease inhibitor (25x stock of complete
protease inhibitor, Roche) and split into 4 eppendorf tubes which contained 300uL acid
washed galss beads each. Cells were broken open by vortexing for 40 minutes at 4°C. Glass
beads were removed by poking a hole in the bottom of the eppendorf with a 26G1/2 needle
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and centrifuging at 1000rpm for 20 seconds. Yeast extract was removed to a 15mL conical
tube, eppendorf tubes rinsed with FA-1+PI and extract was raised in a total of 4.2mL of FA-
1+PI. Yeast extract was sonicated to shear the DNA into 200-800bp fragments (as
determined by gel electrophoresis). Sonication was as follows: 40% amplitude, 15 seconds
on, 20 seconds off for a total sonication time of 5 minutes. Extracts were kept on ice at all
times during sonication. Spin sonicated DNA 2x at 10,000rpm for 5 minutes at 4°C.
Supernatant is the whole cell extract.
Immunoprecipitation
Yeast whole cell extracts were first cleared with 100uL washed (250uL beads 3x
washed with 1mL FA-1+PI and resuspended in 190uL FA-1+PI)  non-immune sepharose
beads (Sepharose Cl-4b, Sigma) for 1 hour, rocking at 4°C. Centrifuge and remove
supernatant, use 700uL/IP. Antibodies were incubated at 4°C for 2-3 hours nutating and are
as follows: .55uL Rabbit IgG agarose beads (Sigma) were used with protein-A tagged
proteins and TAP-tagged Ceg1p, 8ug of anti-HA mAb 12CA5 (Boehringer-Mannheim) was
used with HA-tagged proteins, 8ug of anti-Myc mAb 9E10 (Santa Cruz) was used with
Myc-tagged proteins and either 8ug of mAb 8WG16 (Babco) or 8ug of mAb N20 (Santa
Cruz) was used against Pol II itself. No antibody controls used were either 8ug of mouse IgG
(Sigma) when using gamma-bind beads or 55uL of Sepharose Cl-4b when using Rabbit IgG
beads. 55uL of Gamma-bind G Sepharose beads (Amersham) were incubated for 1 hour at
4°C nutating to pull-down mAbs. IPs were then centrifugated at 1000rpm for 20 seconds.
20uL were removed from the no Ab control supernatant which will serve as input for PCR.
IPs were washed 3x 1.2mL FA-1+PI, 1x 1.2mL FA-2+PI (50mM HEPES-KOH pH7.5, 0.5M
NaCl, 1mM EDTA, 1%triton-x 100, 0.1% Na deoxycholate), 1x in 1.2mL FA-3+PI (20mM
Tris pH8.0, 250mM LiCl, 0.5% NP-40, 0.5% Na deoxycholate, 1mM EDTA) and 1x 1.2mL
TE, centifuging for 20seconds at 1000rpm after each wash and carefully removing
supernatant. Resuspend beads in 250uL TE+1%SDS and incubate for 10 minutes at 65°C
then centifuge for 10 minutes at 10,000rpm and remove 220uL to new eppendorf tube.
Uncrosslink overnight at 65°C along with the 20uL input + 200uL TE+1%SDS. 0.2mg of
Proteinase K (Gibco) was added and incubated for 2 hours at 55°C. Use Qiagen PCR
purification kit to purify DNA and raise in 100uL buffer EB+Rnase (0.5ug/mL).
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5g. DNA Analysis
Conventional PCR
PCR was performed with multiplex primers to analyze the DNA associated with each
IP. Primers are listed in Table 9 and each reaction was performed with three concentrations
of each template over a 30-fold range (see Figure 9b for an example). 50uL PCR reactions
were performed with: 10x Mg-free PCR buffer, 25mM MgCl2, BSA, 10mM dNTP,
100pmol/uL primer stocks used 1:10, varying concentrations of template and Taq
polymerase. Table 9 in the appendix lists primers sets used in the ChIP assay for both
conventional and real time PCR. Cycling was for 3 min at 94oC, followed by 24 cycles with
1 min at 94oC, 1 min at 56oC, 2 min at 72oC, then 7 min at 72oC. PCR products were
distinguished on high resolution 2.3% MetaPhor agarose gels (BioWhittaker) and stained
with Gelstar. Lanes were chosen for quantitation and figures, based on the intensity of the
signal lying in the linear range. Negative control lanes represent PCRs in which the amount
of template matched the amount of experimental template used. When quantifying
(ImageQuant software, Molecular Dynamics), gel background was subtracted and signals
were normalized for intensity of bands generated from the input material to adjust for
differences in PCR efficiency. Signals in intron and exon2 regions are expressed relative to
promoter levels. Note that Prp42p ChIP signals at the promoter are very close to
background; therefore, background signal from the control ChIPs was not subtracted.
Real time PCR analysis
PCR templates were prepared as above.  Brilliant SYBR Green QPCR master mix
(Stratagene) was used for real time quantitatvie PCR reactions as follows: in a total of
10uL/reaction, 5uL master mix, 0.15uL reference dye (diluted to 300nM), 100-300nM
primers (see Table 9, HPLC purified and optimized to the lowest concentration resulting in
the lowest Ct), template diluted 1:10 and H2O up to 10uL. Reactions were gently mixed and
centrifuged briefly before PCR cycling in a MX3000P cycler from Stratagene. PCR program
for amplification of short targets (50-400bp) was used and is as follows: 10 min at 95°C,
then 40 cycles of 30 sec at 95°C, 1 min at 58°C and 1 min at 72°C.  Amplification and
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dissociation curve plots were obtained and data analyzed using Microsoft Excel. Total
relative amounts as determined by the Ct values were calculated as follows:
2Ct(highest value) – [(Ct1-Ct2)/2] = Ctrelative
These values were then compared after being normalized to the input levels of each primer
pair.
5h. Genome Localization Analysis
Cy3- and Cy5-labeled probes were prepared by linker-mediated PCR of the HA-
Prp42p and Myc-Pol II ChIP templates and sonicated genomic DNA fragments present in
the starting extract, following the published protocol (Ren et al., 2000). Two-color
competitive hybridization experiments using S. cerevisiae cDNA microarrays were
performed at Fred Hutchison Cancer Research Center (Seattle, WA). Microarray
construction, target labeling, and hybridization protocols were adapted from those described
(DeRisi et al., 1997). Yeast microarrays were constructed employing a set of 6229 ORF-
specific PCR primer pairs (Research Genetics, Huntsville, AL), which were used to amplify
<1kb 3' end portions of each ORF. Individual PCR products were verified as unique via gel
electrophoresis and purified using ArrayItTM 96-well PCR purification kits (TeleChem
International, Sunnyvale, CA). Purified PCR products were mechanically “spotted” in 3X
SSC (450 mM sodium cloride and 45 mM sodium citrate, pH 7.0) onto poly-lysine coated
microscope slides using an OmniGrid high-precision robotic gridder (GeneMachines, San
Carlo, CA). Probes were co-hybridized to microarrays for 16 hrs at 63°C and sequentially
washed at room temperature in 1 x SSC and 0.03% SDS for 2 min, 1 x SSC for 2 min, 0.2 x
SSC with agitation for 20 min, and 0.05 x SSC with agitation for 10 min. Arrays were
immediately centrifuged until dry and scanned using a GenePix 4000 scanner (Axon
Instruments, Union City, CA). Image analysis was performed using GenePix Pro 3.0. In each
independent experiment, data points were eliminated if there were defects over particular
spots or if fluorescent intensities in either channel were unreliably low relative to local
background. To identify ORFs enriched by HA-Prp42p and Myc-Pol II ChIP procedures, the
ratios of Cy3 and Cy5 fluorescence intensities were expressed as ChIP score=log10(median
intensity fluorochrome 1/median intensity fluorochrome 2)/√2. Frequency histograms of the
ChIP scores indicated a normal distribution of values for genomic/genomic hybridizations
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and a major peak with an outlying second peak for HA-Prp42/genomic and Myc-Pol
II/genomic data sets. The mean and standard deviation of all ChIP scores in each experiment
were determined, and ORFs with ChIP scores >+2sd away from the mean were chosen for
further analysis. Outlying ORFs selected by these criteria from 5 HA-Prp42p ChIP (3 with
Cy5-Prp42 and 2 with Cy3 Prp42 probes) and 3 Myc-Pol II ChIP (2 with Cy3-Pol II and 1
with Cy5-Pol II probes) experiments were pooled and analyzed for the reproducibility of
their identification and the presence of introns within the genomic segment. Note that,
because the probes were double stranded, ORFs may be hit on either DNA strand. Therefore,
in scoring for introns, we considered any ORF to be intron-containing if the ORF itself has
an intron or if the ORF is within 500nt of an intron-containing gene on either strand.
Because of the density of ORFs within the yeast genome, this occurred fairly frequently.
Figure 21     Westerns of tagged strains
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Figure 21  Westerns of tagged strains made in this study.
Westerns showing the endogenous, C-terminally tagged proteins made in this study. Strain names are 
indicated to the left of the gel and also described in Table 2. Antibodies used are labeled under the gel 
and the protein ladder is shown to the right. Each gel contains the positively tagged protein along with a 
positive control (+) and a negative control (-) for the specific antibody used.
6. Appended figures and tables
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Table 2 Yeast Strains
Strain Genotype   Source or reference
BSY 307 Snp1p-PA: previously described    (Gottschalk et al., 1998)
BSY593 Nam8p: previously described    (Gottschalk et al., 1998)
BSY646 Prp44p-PA: previously described    (Gottschalk et al., 1998)
LG1 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     B. Byers
Psi ADE+ GAL+ SSD1 BUD4
LG2 MATα ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     B. Byers
Psi ADE+ GAL+ SSD1 BUD4
DBY120 MATa ura3-52 rpb1-1 trp1::hisG         (McNeil et al., 1998)
YIB37 MATα ade2-1 ura3-1 leu2-3,112 trp1-1,15 his3-11,15     (Barta and Iggo, 1995)
can1-100 DBP2::DBP2cDNA URA3
YGL130w MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     Cellzome
YGL130w::TAP-K.I.URA3
YJV159 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3     (Venema et al., 1997)
CBC Δ20 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3 ycbc20/mud13::HIS     (Fortes et al., 1999)
CBC Δ20/Δ80 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3 ycbc20/mud13::HIS     (Fortes et al., 1999)
Ycbc80/gcr30::TRP1
MGD353-13D MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     B. Seraphin
BSY909 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     isogenic with MGD353-13D
prp40::prp40ΔWW
YF243 MATx ura3-1 leu2-3,112 trp1-1 his3-11,15 ade2-1 can1-100     S. Buratowski
Fcp1::LEU2 srb10 (D290A) p(FCP1 TRP1 C/A)
YKK19 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100     (Kotovic et al., 2003)
prp42::prp42HA/HIS3 rpo21::rpo21MYC/kanMX6
YKK20 MATa ura3-52 rpb1-1 trp1::hisG prp42::prp42HA/ kanMX6     (Kotovic et al., 2003)
YKK21 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     (Kotovic et al., 2003)
Psi ADE+ GAL+ SSD1 BUD4 prp42::prp42HA/HIS
YKK22 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3 ycbc20/mud13::HIS     isogenic with CBCΔ20
prp42::prp42HA/G418
YKK23 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3 ycbc20/mud13::HIS     isogenic with CBCΔ20/Δ80
Ycbc80/gcr30::TRP1 prp42::prp42HA/G418
YKK24 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG1 
Psi ADE+ GAL+ SSD1 BUD4 prp42::prp42HA/TRP
YKK25 MATa ura3 his3-11leu2-3,112 trp1-1 can1-100 psi     (Kotovic et al., 2003)
ADE+ GAL+ SSD1 BUD4 prp42::prp42HA/G418
YKK26 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG1 
Psi ADE+ GAL+ SSD1 BUD4 prp42::prp42myc/TRP
YKK27 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG1
Psi ADE+ GAL+ SSD1 BUD4 (GAL prp40HA /URA)
YKK28 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG1 
Psi ADE+ GAL+ SSD1 BUD4 prp40::prp40myc/TRP
YKK29 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     isogenic with BSY909
prp40::prp40ΔWW Prp40ΔWW::prp40ΔWWHA/G418
YKK30 MATa ura3-52 rpb1-1 trp1::hisG prp42::prp42HA/kanMX6     isogenic with YKK20
HO-hisG-URA-hisG-PGK/T7-ASC1- HO
YKK31 MATα ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG2
Psi ADE+ GAL+ SSD1 BUD4 rpo21::rpo21HA/TRP
YKK32 MATa ade2 ade3 his3 leu2-3,112 trp1 ura3 prp40::     isogenic with CBC wt
prp40HA/G418
YKK33 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     isogenic with MGD353-13D
prp40::prp40myc/G418
YKK34 MATa ade2 arg4 leu2-3,112 trp1-289 ura3-52     isogenic with MGD353-13D
Prp42::prp42myc/G418
YKK35 MATx ura3-1 leu2-3,112 trp1-1 his3-11,15 ade2-1 can1-100     isogenic with YF243
Fcp1::LEU2 srb10 (D290A) prp40::prp40myc/HIS
p(FCP1 TRP1 C/A)
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Table 2 (continued) Yeast Strains
Strain Genotype   Source or reference
YKK36 MATa ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with YKK28 
Psi ADE+ GAL+ SSD1 BUD4 prp40::prp40myc/TRP
Pdr5::PDR5-5’SS+U-GAL/G418
YKK55 MATα ura3 his3-11 leu2-3,112 trp1-1 can1-100 flo8     isogenic with LG2
Psi ADE+ GAL+ SSD1 BUD4 rpo21::rpo21myc/HIS
YIB37K MATα ade2-1 ura3-1 leu2-3,112 trp1-11,15 his3-11,15         (Kotovic et al., 2003)
can1-100 DBP2::DBP2cDNA URA3 prp42::prp42HA/kanMX
 2
1-1273 2275-2641
1
pro
211bp
in
269bp
ex2
336bp
RPS3   
pro
194bp
down
175bp
1-721
ADH1   
pro
336bp
down
231bp
1-1045
PDR5   
GAL1  
PDR5/5'SS+U
DBP2
cDNA
DBP2
1-538 811-1231
pro
234bp in
367bp
ex2
313bp
1 2ASC1
5' end
287bp
3' end
350bp
1-58 388-1737
21ECM33
pro
211bp
ex2
336bp
1 2
1-1640
1-1587
gal 1
417bp
pro
290bp
+4.2kb
174bp
1-4539
+1.2kb
258bp
+1.2kb
258bp
1-4533
GFP
GTATGT 
+ 44 bp 
U-rich 5315
span
302bp
2GFP
117bp
PDR5up
88bp
PDR5mid
100bp
GFP
136bp
SAC6
5' end
151bp
3' end
238bp
132-2040
2
1-21
Table 3     Genes used in this study
Gene ORF Diagram Txn. Frequency Status
intron-containing
intron-containing
intron-containing
long exon 2
intron-containing
long exon 2
intronless
intronless
intronless
intronless
gal inducible
intron-containing
cDNA
intronless
inserted 5'SS/U
30.6
61.5
6.1
18.6
125.6
144.4
N/A
N/A
2-fold over wt
124.0
a b a
a Data taken from Saccharomyces Genome Database http://www.yeastgenome.org/
b Data taken from Holstege, F.C. and E.G. Jennings, 1998
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Table 4 PCR modules
Name Info Source or Reference
pYM1 3HA-kanMX6-S3/S2 Knop et al., 1999
pYM2 3HA-His3MX6-S3/S2 Knop et al., 1999
pYM3 6HA-klTRP1-S3/S2 Knop et al., 1999
pYM4 3Myc-kanMX6-S3/S2 Knop et al., 1999
pYM5 3Myc-His3MX6-S3/S2 Knop et al., 1999
pYM6 9Myc-klTRP1-S3/S2 Knop et al., 1999
pFA6a-GFP(S65T)-kanMX6 GFP-kanMX6-F2/R1 Longtine et al., 1998
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Table 5 Tagging primers
Oligo name Sequence
Prp42+F2 5’-CCA GAG GAG ATG GAT ACA TTA GAG GAA ATG TTT
ACT GAA GAA CCT CGG ATC CCC GGG TTA ATT AA-3’
Prp42+R1 5’-ACA TTT ACA TAT TTA TAC CTT TTA ATA AAT GAC
AAT GCC TTT TGG GAA TTC GAG CTC GTT TAA AC-3’
Prp40+S2 5’-ATA ATT TAT ATA ATG ATT AAC AAG ATA GAG GTC
GAC ACG TCA GAA ATC GAT GAA TTC GAG CTC G-3’
Prp40+S3+linker 5’-GCG TCA AAA AAG AGG CAT TTA ACT CCG GCT GTG
GAA TTG GAC TAT AGT GGA TCA GGT TCC GGC CGT
ACG CTG CAG GTC GAC-3’
Rpo21+S2 5’-ATA TAT AAT GTA ATA ACG TCA AAT ACG TAA GGA
TGA ATA ACT ATA ATC GAT GAA TTC GAG CTC G-3’
Rpo21+S3 5’-CCA AAG CAA GAC GAA CAA AAG CAT AAT GAA
AAT GAA AAT TCC AGA CGT ACG CTG CAG GTC GAC-3’
Prp42+S2 5’-ACA TTT ACA TAT TTA TAC CTT TTA ATA AAT GAC
AAT GCC TTT TGG ATC GAT GAA TTC GAG CTC G-3’
Prp42+S3 5’-CCA GAG GAG ATG GAT ACA TTA GAG GAA ATG TTT
ACT GAA GAA CCT CGT ACG CTG CAG GTC GAC-3’
Rpo21+R1 5’-ATA TAT AAT GTA ATA ACG TCA AAT ACG TAA GGA
TGA TAT ACT ATA GAA TTC GAG CTC GTT TAA AC-3’
Rpo21+F2 5’-CCA AAG CAA GAC GAA CAA AAG CAT AAT GAA
AAT GAA AAT TCC AGA CGG ATC CCC GGG TTA ATT
AA-3’
Pdr5+5’SS/U+GFP+F2 5’-TGG TTA GCA AGA GTG CCT AAA AAG AAC GGT AAA
CTC TCC AAG AAA GTA TGT TAA AAT TTT CTC CAT
TTT TTT ATT GAT TTT ATT TTT TTT TGT TAC GGA TCC
CCG GGT TAA TTA A-3’
Pdr5+GFP+R1 5’-AGT CCA TTC TGG TAA GTT TCT TTT CTT AAC CAA
ATT CAA AAT TCT AGA ATT CGA GCT CGT TTA AAC-3’
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Table 6
List of all ORFs selected more than once by HA-Prp42p genome localization analysis
ORF Gene name
% Prp42 expts
hita
% Pol II expts
hitb
#introns in
ORFc
introns across or
nearbyd
YAL003W EFB1 100% 100% 1
YBL027W RPL19B 100% 100% 1
YBL072C RPS8A 100% 100% 1
YBR048W RPS11B 100% 100% 1
YBR084C-A RPL19A 100% 100% 1
YBR181C RPS6B 100% 67% 1
YBR189W RPS9B 100% 100% 1
YBR191W RPL21A 100% 100% 1
YCR031C RPS14A 100% 100% 1
YDL082W RPL13A 100% 100% 1
YDL130W RPP1B 100% 100% 1
YDL136W RPL35B 100% 100% 1
YDL191W RPL35A 100% 100% 1
YDR025W RPS11A 100% 67% 1
YDR064W RPS13 100% 100% 1
YDR447C RPS17B 100% 100% 1
YDR450W RPS18A 100% 67% 1
YDR471W RPL27B 100% 100% 1
YDR500C RPL37B 100% 33% 1
YER102W RPS8B 100% 100% 1
YER117W RPL23B 100% 100% 1
YFL034C-A RPL22B 100% 100% 1
YFR031C-A RPL2A 100% 100% 1
YGL030W RPL30 100% 100% 1
YGL076C RPL7A 100% 100% 2
YGL189C RPS26A 100% 100% 1
YGR118W RPS23A 100% 100% 1
YGR148C RPL24B 100% 33% 1
YGR214W RPS0A 100% 100% 1
YHL001W RPL14B 100% 100% 1
YHR010W RPL27A 100% 100% 1
YHR141C RPL42B 100% 67% 1
YHR203C RPS4B 100% 100% 1
YIL052C RPL34B 100% 100% 1
YIL069C RPS24B 100% 67% 1
YIL133C RPL16A 100% 100% 1
YIL148W RPL40A 100% 100% 1
YJL191W RPS14B 100% 100% 1
YJR094W-A RPL43B 100% 100% 1
YJR145C RPS4A 100% 100% 1
YKL006W RPL14A 100% 100% 1
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YKR094C RPL40B 100% 100% 1
YLR185W RPL37A 100% 100% 1
YLR333C RPS25B 100% 100% 1
YLR367W RPS22B 100% 100% 2
YLR448W RPL6B 100% 100% 1
YML024W RPS17A 100% 100% 1
YMR142C RPL13B 100% 100% 1
YMR194W RPL36A 100% 100% 1
YNL096C RPS7B 100% 67% 1
YNL162W RPL42A 100% 67% 1
YNL301C RPL18B 100% 100% 1
YNL302C RPS19B 100% 67% 1
YOL120C RPL18A 100% 100% 1
YOL121C RPS19A 100% 67% 1
YOL127W RPL25 100% 100% 1
YOR096W RPS7A 100% 100% 1
YOR234C RPL33B 100% 0% 1
YOR293W RPS10A 100% 100% 1
YOR312C RPL20B 100% 67% 1
YPL079W RPL21B 100% 67% 1
YPL081W RPS9A 100% 100% 1
YPL090C RPS6A 100% 67% 1
YPL143W RPL33A 100% 67% 1
YPL198W RPL7B 100% 67% 2
YPR132W RPS23B 100% 100% 1
YGL102C 100% 100% 0 RPL28
YHL033C RPL8A 100% 100% 0 no
YJL188C BUD19 100% 100% 0 RPL39
YLL044W 100% 100% 0 no
YLL045C RPL8B 100% 100% 0 no
YLR062C BUD28 100% 100% 0 RPL22A
YLR441C RPS1A 100% 100% 0 no
YMR242C RPL20A 100% 67% 0 no
YOL086C ADH1 100% 100% 0 no
YPL142C 100% 67% 0 RPL33A
YPR044C 100% 67% 0 RPL43A
YBL087C RPL23A 80% 100% 1
YBL092W RPL32 80% 100% 1
YBR082C UBC4 80% 0% 1
YER056C-A RPL34A 80% 67% 1
YER074W RPS24A 80% 67% 1
YER131W RPS26B 80% 0% 1
YGL031C RPL24A 80% 33% 1
YGL103W RPL28 80% 100% 1
YGR027C RPS25A 80% 67% 1
YGR034W RPL26B 80% 67% 1
YHR021C RPS27B 80% 33% 1
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YIL018W RPL2B 80% 100% 1
YJL136C RPS21B 80% 0% 1
YLR048W RPS0B 80% 0% 1
YLR061W RPL22A 80% 67% 1
YLR344W RPL26A 80% 67% 1
YML073C RPL6A 80% 100% 1
YMR230W RPS10B 80% 67% 1
YNL112W DBP2 80% 100% 1
YOR122C PFY1 80% 0% 1
YPL249C-A RPL36B 80% 100% 1
YLR167W RPS31 80% 33% 0 no
YLR355C ILV5 80% 100% 0 no
YML063W RPS1B 80% 100% 0 no
YNL190W 80% 33% 0 no
YPL197C 80% 100% 0 RPL7B
YBL040C ERD2 60% 0% 1
YDL061C RPS29B 60% 0% 1
YDL083C RPS16B 60% 0% 1
YJL189W RPL39 60% 100% 1
YKL180W RPL17A 60% 100% 1
YLR406C RPL31B 60% 100% 1
YMR116C ASC1 60% 100% 1
YNR053C 60% 67% 1
YPR043W RPL43A 60% 33% 1
YBR118W TEF2 60% 100% 0 MUD1
YHR143W 60% 100% 0 no
YJL190C RPS22A 60% 100% 0 RPS14B and RPL39
YKL060C FBA1 60% 100% 0 no
YKL153W 60% 100% 0 no
YKR042W UTH1 60% 100% 0 no
YLR009W RLP24 60% 33% 0 no
YLR044C PDC1 60% 100% 0 no
YMR217W GUA1 60% 67% 0 no
YMR303C ADH2 60% 67% 0 no
YMR307W GAS1 60% 100% 0 no
YNL066W SUN4 60% 67% 0 no
YPR080W TEF1 60% 100% 0 no
YBL018C POP8 40% 0% 1
YDR381W YRA1 40% 100% 1
YFL039C ACT1 40% 0% 1
YHR039C-B VMA10 40% 0% 1
YJL001W PRE3 40% 0% 1
YKL006C-A SFT1 40% 33% 1
YKL081W TEF4 40% 100% 1
YLR388W RPS29A 40% 0% 1
YML026C RPS18B 40% 67% 1
YMR079W SEC14 40% 0% 1
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YOR182C RPS30B 40% 0% 1
YBR009C HHF1 40% 100% 0 no
YBR016W 40% 0% 0 no
YBR062C 40% 33% 0 no
YBR196C PGI1 40% 0% 0 no
YDR033W MRH1 40% 67% 0 no
YDR224C HTB1 40% 100% 0 no
YEL034W HYP2 40% 100% 0 no
YGL106W MLC1 40% 0% 0 no
YGR082W TOM20 40% 0% 0 no
YGR192C TDH3 40% 100% 0 no
YGR234W YHB1 40% 100% 0 no
YHL015W RPS20 40% 100% 0 no
YIL053W RHR2 40% 100% 0 RPL34B
YJR009C TDH2 40% 100% 0 no
YLR340W RPP0 40% 100% 0 no
YML106W URA5 40% 33% 0 no
YMR193C-A 40% 0% 0 RPL36A
YNL030W HHF2 40% 100% 0 no
YNL043C 40% 0% 0 YIP3
YNL255C GIS2 40% 33% 0 no
YNL282W POP3 40% 0% 0 no
YOL039W RPP2A 40% 67% 0 no
YOR153W PDR5 40% 100% 0 no
YLR076C 40% 100% 0 no
YLR110C CCW12 40% 100% 0 no
aindicates % of microarray experiments (out of 5) in which the ORF was selected by HA-Prp42 ChIP, using the
>+2sd criterion.
bindicates the % of microarray experiments (out of 3) in which the ORF was selected in parallel Myc-pol II
ChIPs, using the >+2sd criterion.
cindicates the number of introns contained in the ORF selected.
dindicates the name of the intron-containing ORF(s) occurring on the strand opposite or within <500bp of the
selected intronless ORF. Because the ChIP template probes are double-stranded and up to 400bp long, ORFs
may be detected due to Prp42p accumulation on ORFs nearby or on the opposite DNA strand.
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Table 7     ORFs selected by genome localization analysis
ChIP templates in
microarraya
% expts hitb # of ORFs # with introns (%)c
U1 snRNP vs
genomic DNA
100% 77   71  (92%)
" >80% 103   93  (90%)
" >60% 125 104  (83%)
" >40% 161 118  (73%)
RNA Pol II vs
genomic DNA
100% 141   72  (51%)
" >67% 234 103  (44%)
aindicates Cy3- and Cy5-labeled template pairs applied to microarray.
bindicates the % of experiments (5 for U1 snRNP, 3 for RNA Pol II) in which an ORF
received a score >+2sd away from the mean of the population.
cindicates the number of selected ORFs which either contain introns or are <500nt away
from an intron-containing ORF on the same or opposite strand.
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Table 8 Genome localization data for genes examined in this study
Gene Intron % expts hit by
U1 snRNPa
% expts hit by
RNA Pol IIa
mRNA/hrb
DBP2 + 80% 100% 61.5
ASC1 + 60% 100% 124.0
ECM33 + 20% 67% 18.6
SAC6 + 0% 0% 6.1
PDR5 - 40% 100% 30.6
ADH1 - 100% 100% 125.6
RPS3 - 0% 100% 144.4
GAL1 - 0% 0% N/A
aindicates the % of experiments (5 for U1 snRNP, 3 for RNA Pol II) in which an ORF
received a score >+2sd away from the mean of the population.
bData taken from (Holstege et al., 1998).
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Table 9 ChIP PCR primer list
Oligo Name Sequence Gene Location
2GFP F 5’-CAA CAT TGA AGA TGG AAG CG-3’ +529nt
2GFP R 5’-GAA AGG GCA GAT TGT GTG G-3’ +627nt
ADH1 down F 5’-CGG TCA CTG GGT TGC TAT C-3’ +510nt
ADH1 down R 5’-GGA AAC GTT GAT GAC ACC G-3’ +723nt
ADH1 pro F 5’-TTC CTT CCT TCA TTC ACG CAC ACT-3’ +9nt
ADH1 pro R 5’-GTT GAT TGT ATG CTT GGT ATA GCT TG-3’ +326nt
ASC1 exon2 F 5’-CCA ATT CCA AAT TGA AGC TG-3’ +825nt
ASC1 exon2 R 5’-TCT GTT TGG AGA GAA AGC CA-3’ +1001nt
ASC1 intron F 5’-CTG TCA CCA TCA TTT CTG CC-3’ +497nt
ASC1 intron R 5’-GGA GTT GTG ACC GAT GAA GT-3’ +845nt
ASC1 pro F 5’-GGC ATT GGG CTA TTC CTT TA-3’ -150nt
ASC1 pro R 5’-CCA GCA GAA GTA GCC AAA GA-3’ +64nt
DBP2 exon2 F 5’-TAT GCC AGG TAA CAT TGA AG-3’ +2310nt
DBP2 exon2 R 5’-GAT CTC CTG TCG TAT TTC AA-3’ +2473nt
DBP2 intron F 5’-GAT GGG GAG TAT CGG AAA TT-3’ +1512nt
DBP2 intron R 5’-AAA ACA ACG ATC AAC GAA GC-3’ +1761nt
DBP2 pro F 5’-ACG GTG GTA GAG ATC AGC AA-3’ +8nt
DBP2 pro R 5’-GAA AGT TGG CAA TTT GGG TA-3’ +200nt
ECM33 3’end F 5’-TGG TGG TGG TTT CAT CAT TGC-3’ +1143nt
ECM33 3’end R 5’-GCT TGA GCA TTG GAG GCA TC-3’ +1493nt
ECM33 5’end F 5’-GCT ATT CTA AGT GCC TCC GCT C-3’ +31nt
ECM33 5’end R 5’-TCG CCC TAA TCC TAT GAC AGG-3’ +318nt
GAL1 F 5’-GAA GAA GTG ATT GTA CCT GAG-3’ +19nt
GAL1 R 5’-ACC TTT CCG GTG CAA GTT TC-3’ +417nt
GFP F (real time PCR) 5’-CTG TCA GTG GAG AGG GTG AAG-3’ +104nt
GFP R (real time PCR) 5’-CTG GGT ATC TTG AAA AGC ATT G-3’ +237nt
PDR5 +1.2 F 5’-CAC AGT GGC CAT CTA TCA ATG TTC-3’ +1086nt
PDR5 +1.2 R 5’-GTT CAT TTC CTT CGG GGT CTG TGG TAT-3’ +1344nt
PDR5 +4.2 F 5’-AGG GGT GCT TTA TTT TGG TTG TTC-3’ +3967nt
PDR5 +4.2 R 5’-TAG GCA TGG CAC TTG GGG TAG-3’ +4141nt
PDR5 mid F (real time PCR) 5’-AAT GGC GTG GTT TCG GTA TTG G-3’ +2312nt
PDR5 mid R (real time PCR) 5’-TTC ACC TTT TTG TTT AGC ACC CTC G-3’ +2412nt
PDR5 pro F 5’-CTG AGC AAT ACA AAC AAG GCC TCT CCT A-3’ -265nt
PDR5 pro R 5’-TAT TGT TAA GCT TGG CCT CGG GCA TTT T-3’ +25nt
PDR5 3’end F (span) 5’-AGC AAG AGT GCC TAA AAA GAA CG-3’ +4494nt Pdr5
PDR5/GFP up R (span) 5’-AGT GAA AGT AGT GAC AAG TGT TGG C-3’ +192nt GFP
PDR5 up F (real time PCR) 5’-AAG CAG CAC CTC GTT GGC-3’ -799nt
PDR5 up R(real time PCR) 5’-TGT TGT TTT CCA TTG AGT TCC AC-3’ -711nt
RPS3 down F 5’-CAA GGT GTT TTG GGT ATC AAG-3’ +535nt
RPS3 down R 5’-GGT TCA GCT TGA GCT TCA G-3’ +692nt
RPS3 pro F 5’-TAG TCG CTG ACG GTG TCT TC-3’ +32nt
RPS3 pro R 5’-CCT GGA GCG TAC TTG AAT CT-3’ +226nt
SAC6 3’end F 5’-CCA AGT TCA TTA GTT GCG GGG-3’ +1210nt
SAC6 3’end R 5’-CGG GCA TCA CCT TTT CGT AAG-3’ +1448nt
SAC6 5’end F 5’-TGA CGA AGC AGG AGA AAC CCT G-3’ +270nt
SAC6 5’end R 5’-TGG CAG CAG TGG AAA CAA TAG G-3’ +421nt
VI R F 5’-CAG GCA GTC CTT TCT ATT TC-3’ VI R telomere
VI R R 5’-GCT TGT TAA CTC TCC GAC AG-3’ VI R telomere
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